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ABSTRACT 
 
 
The goal of turfgrass nitrogen (N) fertilization is to supply sufficient N for aesthetically and 
functionally high-quality turfgrass without accumulation of excessive soil N, which can facilitate 
nitrate (NO3
-
) leaching losses. Currently, subjective measures (e.g., assumed N needs of turfgrass 
species; visual preference of turfgrass quality; historical N rates) remain the primary means used 
to guide N fertilization of turf. This makes it is more likely that excessive N will be applied to 
turfgrass. It would be desirable to make N fertilizer application recommendations for turfgrass 
based on objective testing methods that decrease the chances of excess N fertilization while 
maintaining acceptable to optimum growth and quality. A three-year field experiment found that 
Kentucky bluegrass (Poa pratensis L.) and tall fescue (Festuca arundinacea Schreb.) lawn 
quality and growth were significantly related to soil NO3–N concentrations when modeled with 
linear-plateau, quadratic-plateau and Cate-Nelson models. The critical soil NO3–N 
concentrations for the three models that indicated the beginning of a plateau response or marked 
the Cate-Nelson change point between likely or unlikely response ranged from 3.7 and 18.0 mg 
kg
-1
 for Kentucky bluegrass, and from 2.5 and 10.1 mg kg
-1
 for tall fescue. A five-year field 
experiment found that Kentucky bluegrass and tall fescue lawn color quality and growth were 
highly related to soil N measured by the Illinois Soil N Test (ISNT-N) and labile soil carbon 
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measured by a permanganate-oxidizable carbon (POXC) test. There was a low probability of 
meaningful Kentucky bluegrass and tall fescues lawn responses to N fertilization when spring 
ISNT-N and POXC concentrations exceed 250 mg kg
-1 
and 1300 mg kg
-1
, respectively. Tissue N 
analysis was performed on the turfgrass clippings collected from the 3- and 5-year field 
experiments, and the relationship between leaf total N concentration and turf color quality and 
growth response was identified and modeled using the Macy approach. These models indicated 
critical concentration of leaf N above which there is luxury consumption and below which there 
is poverty adjustment until a minimum concentration is reached. Averaged across all variables 
and seasons (spring, summer, and fall), the sufficiency ranges of N concentration in the clippings 
were estimated to be 32 to 46 g kg
-1
 for Kentucky bluegrass, and 28 to 42 g kg
-1
 for tall fescue. 
Results from all studies suggest that frequently-measured soil NO3-N, ISNT-N, POXC, and 
clippings total N concentrations show promise as objective guides for nitrogen fertilization of 
cool-season turfgrass lawns.  Adoption and implementation of these tests to turfgrass systems 
should help to decrease excess N loading rates, resulting in reduced maintenance costs and lower 
chances of water quality impairment. 
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I. GENERAL INTRODUCTION 
1.1 Introduction Text  
There are increasing concerns about the negative effects on surface and ground water quality 
about nitrogen losses from turf areas in Connecticut and elsewhere. These concerns are 
becoming more acute because turf is becoming a dominant feature of the managed landscape and 
residential lawns can account for 30 to 70% of the total area in urban-suburban areas 
(Cockerham and Gibeault, 1985; Byrne, 2007; Cadenasso et al., 2007), and a significant portion 
of these lawns may be fertilized because natural nitrogen levels in soils may be insufficient to 
meet the nutritional demands of high quality turfs (Turner and Hummel, 1992).  
Under many soil conditions, excess labile soil nitrogen may be converted to nitrate and become 
subject to leaching and runoff (Stevenson and Cole, 1999). Environmental concerns about nitrate 
include contamination of surface and ground waters used for drinking and eutrophication of 
surface waters (Pierzynski et al., 2000). Human health concerns about nitrate in drinking water 
include methemoglobinemia and possible carcinogenic effects (Pierzynski et al., 2000). 
 In spite of increasing concerns with nitrogen losses from turf, there have been relatively few 
changes in lawn fertilization practices in the past 40 years in Connecticut and elsewhere. 
Turfgrass in humid climates is often fertilized according to a pre-determined schedule or based 
on expected visual quality rather than being based on soil nitrogen availability or tissue nitrogen 
sufficiency as measured by an objective testing method.  Although various forms of soil nitrogen 
can be measured rapidly and accurately, they are not used to guide turfgrass nitrogen fertilization 
because calibration research data that describe the relationship between soil nitrogen content and 
turfgrass response are very limited or non-existent in soil nitrogen-turf response studies. Previous 
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studies have concluded that testing for soil nitrogen (nitrate, ammonium, and/or total nitrogen) is 
not a reliable predictor of turf response (English, 1971; Rieke and Ellis, 1974; Shearman, 1978; 
Rieke, 1980). Consequently, turf nitrogen studies have mostly focused on nitrogen rates rather 
than soil or plant tissue nitrogen, modeling of turf response to soil nitrogen or plant tissue 
nitrogen needed to produce optimum turfgrass growth and/or quality.  This greatly increases the 
chance of over-application of nitrogen because scheduled nitrogen fertilizer applications do not 
take into account plant available nitrogen added to the soil by mineralization or residual mineral 
nitrogen from previous applications or returned clippings (Starr and DeRoo, 1981; Heckman et 
al., 2000; Kopp and Guillard, 2002a; Qian et al., 2003). Continuous application of high nitrogen 
fertilizer rates (>200 kg ha-1 year-1) to turfgrasses without adjusting for nitrogen inputs from 
other sources will significantly increase nitrate accumulation (>20 mg kg-1) in the soil profile 
(Frank 2001, 2004; Frank et al., 2005, 2006; O’Reilly et al., 2003) and increase the likelihood of 
nitrogen pollution to receiving waters.  The goal of nitrogen fertilization to turfgrass is to apply 
sufficient nitrogen to achieve high quality turf without the accumulation of excess soil nitrogen. 
Therefore there is a need to develop and evaluate objective soil and/or tissue nitrogen test 
approaches to guide nitrogen fertilization of turf.  
Indices that may serve to guide nitrogen applications to turfgrass include soil nitrate measured 
with in situ anion exchange membranes (Kopp and Guillard, 2002b; Mangiafico and Guillard, 
2005, 2006) and frequently-measured soil nitrate (Collins and Allinson, 2004). Recently, two 
new soil tests have been developed that predicted the responsiveness of corn (Zea mays L.) fields 
to nitrogen fertilization based on measuring certain labile components of the soil organic matter 
− the Illinois Soil Nitrogen Test (ISNT) that estimates soil amino sugar nitrogen concentrations, 
which is a large portion of the easily mineralizable soil nitrogen (Khan et al., 2001), and the soil 
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Permanganate-Oxidizable Carbon test (POXC)  which estimates the labile fraction of soil 
organic carbon that serves as a sensitive indicator of changes in management-induced soil quality 
(Weil et al., 2003). Application of the ISNT for turf purposes is only in the initial evaluation 
stages (Bender et al., 2006; Gardner et al., 2008), but may help guide nitrogen fertilization of turf 
if it can estimate the mineralization of organic matter in turf soils. This new soil test has the 
potential to identify if turf sites are likely or unlikely to be responsive to additional nitrogen 
fertilization. Using POXC to model turf growth and/or quality responses may have the same 
usefulness as the ISNT in identifying lawns with respect to nitrogen fertilization responsiveness. 
Tissue nitrogen analysis is also a useful tool for nitrogen management of turfgrasses. Mangiafico 
and Guillard (2007) reported critical concentrations of leaf nitrogen for optimum growth of 
mixed cool-season species. However, previous research on nitrogen fertilization has focused on 
plant responses to specific nitrogen application rates, fertilizer sources, or impacts of fertilizer 
nitrogen on water quality, and peer-reviewed calibration studies that correlate turf color and 
growth responses to leaf nitrogen concentrations to determine optimum tissue nitrogen levels are 
lacking.  
The objective of this work was to determine critical levels of soil nitrate-N, ISNT-N, POXC, and 
clippings nitrogen concentrations that produce adequate to optimum turfgrass quality and growth 
responses by applying modern soil fertility statistical modeling and calibration approaches.  
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II. Relating Turfgrass Growth and Quality to Frequently-Measured Soil Nitrate 
 
 
2.1 ABSTRACT 
Currently, there is no soil-based N test used to guide N fertilizer recommendations for turfgrass. 
This study was conducted across three yrs in Connecticut to determine if frequent measurement 
of soil nitrate (NO3–N) could be used to estimate color, density, clippings yield, clippings total N 
concentration, and clippings N uptake in Kentucky bluegrass (Poa pratensis L.) and tall fescue 
(Festuca arundinacea Schreb.) lawns. Randomized complete block field experiments were set 
out on the two species with nine N rates. Soil cores and clippings were collected at two-week 
intervals from May through October and analyzed for concentrations of NO3–N and total N, 
respectively. Turfgrass color was measured with chlorophyll and NDVI meters, and shoot count 
density was measured after the last sampling. Significant (p<0.001) Cate-Nelson, linear-plateau, 
and quadratic-plateau models were observed for all relative measures of turfgrass growth and 
quality as a function of soil NO3–N concentrations. The critical soil NO3–N concentrations for 
the three models that indicated the beginning of a plateau response or marked the Cate-Nelson 
change point between likely or unlikely response ranged from 3.7 and 18.0 mg kg
-1
 for Kentucky 
bluegrass, and from 2.5 and 10.1 mg kg
-1
 for tall fescue. Probability plots indicated a high 
likelihood of acceptable turfgrass responses at the lower range of the critical concentrations 
suggested by the Cate-Nelson model. These results suggest that frequent measurement of soil 
NO3–N may help to guide N fertilization of Kentucky bluegrass and tall fescue when managed as 
lawns. 
 
Abbreviations: AEM, anion-exchange membrane; C-N, Cate-Nelson; CTN, clippings total N 
concentration; DMY, clippings dry matter yield; LRP, linear response plateau; NDVI, 
normalized difference vegetative index; CNUP, clippings N uptake; QRP, quadratic response 
plateau 
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2.2 INTRODUCTION 
Soil N is not used to guide N fertilization of turfgrass due to a lack of soil test correlation and 
calibration research for this purpose. We could find only one paper in the literature that 
examined the reliability of soil NO3–N concentrations to estimate turfgrass response (Rieke and 
Ellis, 1974). The authors concluded that soil NO3–N was not a reliable estimator of turfgrass 
response, but the design of the experiment and the analysis of the data were completed using 
standard methods from the 1970s, and not contemporary methods of soil test correlation and 
calibration.  
Methods to develop soil tests have changed greatly since the 1970s. Current methods require a 
three-step process of soil test correlation, calibration, and then interpretation of data to develop 
recommendations. Correlation and calibration are usually completed in one set of experiments, 
and development of recommendations in another set of experiments if the correlation and 
calibration steps were successful (Dahnke and Olson, 1990).  
Soil test correlation is the process of establishing a relationship between the extractable 
concentrations of the soil nutrient of interest, in this case NO3–N, and the yield or quality of the 
plant of interest, in this case turfgrass (Dahnke and Olson, 1990). Correlation coefficients inform 
the scientist about how well the extractable nutrient estimates the yield or quality of the plant. 
Soil test calibration is the process of deciding the meaning of the extractable concentrations of 
the soil nutrient in terms of crop growth response or quality, which is completed using statistical 
models, such as the Cate-Nelson, linear- and quadratic-response plateaus, and Mitscherlich-Bray 
(Cate and Nelson, 1971; Nelson and Anderson, 1977; Blackmer et al., 1989; Cerrato and 
Blackmer, 1990; Dahnke and Olson, 1990; Black, 1993). The models enable the calculation of 
categories of expected growth response for soil nutrient concentrations based on the probability 
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of a response. Only since the late 1980s, however, has it been easy to run the models on large 
data sets. The third and final step in the development of a soil test is the creation of fertilizer 
recommendations for the categories established in the calibration step. This step requires 
experiments showing the relationships between the amounts of N needed to attain optimum 
growth for the previously established categories of soil nutrient concentrations. The new 
methods of soil test development have guided the creation of soil N tests for many economically 
important agricultural and horticultural crops (Magdoff et al, 1984; Fox et al., 1989; Blackmer et 
al., 1989; Heckman, 2002).   
Previous papers published from our laboratory are the only reports we can find in the literature 
that used new methods to correlate and calibrate a measure of soil NO3–N to turfgrass growth. 
Across different sites, species, years, management, and N rates, soil NO3–N desorbed from 
anion-exchange membranes (AEMs) has been useful in modeling turfgrass clippings yield, visual 
quality, color (Kopp and Guillard, 2002a; Mangiafico and Guillard, 2005, 2006, 2007; Barry et 
al., 2009), and total N uptake and recovery in the clippings (Mangiafico and Guillard, 2007; 
Kopp and Guillard, 2009). Reporting of soil NO3–N units desorbed from AEMs, however, 
differs from conventional units reported for soil extraction methods (mg kg
-1
, or kg ha
-1
), and this 
may cause some hesitancy in using this technology. 
The unit for reporting of AEM desorbed NO3–N is based on a supply rate and is expressed as the 
mass (usually μmol or μg) of NO3–N per cm
2
 of membrane surface per unit incubation time in 
the soil (usually days, but could be longer), or it is expressed as the total sum of supply from the 
entire sampling period. This measurement is a dynamic assessment of nutrient supply with time, 
which differs from a static assessment of soil nutrient concentration obtained from a 
conventional soil core. For example, critical levels of AEM desorbed NO3–N that indicated the 
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beginning of a plateau response or marked the Cate-Nelson change point between likely or 
unlikely response ranged from 2.3 to 12 µg cm
–2
 d
–1
 in a mixed, cool-season lawn turfgrass 
(Kopp and Guillard, 2002a). Unfortunately, this unit expression is unfamiliar and confusing to 
most practitioners, and there is no simple means to translate the value to the common and 
familiar expressions of mg kg
-1
 or kg ha
-1
 associated with conventional soil core extraction 
methods used for guiding fertilizer recommendations. Although the AEM approach can measure 
soil NO3–N fluxes accurately, it has not been adopted as a routine tool in N management. 
The greatest obstacles to adoption of AEM technology as a nutrient management tool for routine 
testing are the limited sources of commercially available AEMs, the lack of soil testing 
laboratories to routinely run the analyses for AEMs, and a lack of calibration data on which to 
base recommendations. Until an infrastructure is developed that supports the supply, analysis, 
and interpretation of AEMs on the practitioner level, this will remain a promising, but novel 
technology with little chance of becoming a routine method to guide N fertilization of turf. 
Consequently, a soil sample collected in the traditional manner (a core or slice of the soil profile 
that represents the turfgrass rooting depth) and tested for NO3–N concentration remains the most 
likely approach for developing an objective soil test to guide N fertilization of turfgrass that can 
be used immediately on a routine basis. 
A soil test based on extractable NO3–N to guide N fertilization is available in almost all soil 
testing laboratories. Soil NO3–N tests are commonly used to improve N management of many 
field and vegetable crops. In temperate humid regions of the USA, soil NO3–N concentrations in 
the 0 to 30-cm depth of soil have been used to guide N fertilization of corn (Zea mays L.) and 
many vegetable crops by using the procedure known as the Pre-Sidedress Nitrate Test (PSNT) 
(Magdoff et al., 1984, Morris et al., 2000; Bélanger et al., 2001; Heckman et al., 2002). Soil 
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NO3–N concentrations in the range of 20 to 30 mg kg
-1
 during early growth stages may be 
sufficient for most annual crops to meet final yield goals (Heckman, 2002). 
The majority of crops evaluated with a soil NO3–N test, however, have been annuals. Few 
studies have been conducted to determine if a soil NO3–N test has applicability with perennial 
plants or cropping systems. Perennials present a challenge because they are usually harvested 
multiple times during the season. This necessitates multiple soil sampling times during the 
growing season in these systems, unlike the single soil sampling used in annual crops with a 
single harvest. 
Critical concentrations of soil NO3–N that maximized yields have been determined for cool-
season perennial forage grasses managed as hay crops under a three-cut system (Collins and 
Allinson, 2004). In that study, soil cores were collected on a weekly basis and analyzed for 
concentrations of NO3–N. These values were then used to model forage yield by using Cate-
Nelson, linear-response plateau, and quadratic-response plateau procedures for three different 
time periods during the growing season across two years. This study stands alone as an example 
of successfully using the concepts and methods of the PSNT developed for annual crops and 
applying them to a perennial crop. Modifications to the PSNT procedure were required (multiple 
sampling times, shallower sampling depths), but the results suggested that a frequent sampling 
approach for soil NO3–N showed promise as a guide for N fertilization of a perennial grass crop. 
Determining optimum soil N for amenity turfgrass response presents more of a challenge than 
forage grass crops, since maximizing yield is not normally an objective of turfgrass fertilization, 
as it is with agronomic and horticultural crops. With turfgrass, obtaining acceptable to optimum 
quality is usually the goal. In contrast to forage crops, maximizing turfgrass growth is typically 
undesirable since it requires more mowing with associated increased energy and labor costs. The 
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challenge is to determine how much N is required to optimize quality, without exceeding these 
requirements, with no compromise in plant growth and regrowth recuperative capacity from too 
little N. 
It has been a commonly accepted idea for at least 40 years that a measure of NO3–N 
concentrations obtained from soil cores is not sufficiently reliable to guide N fertilization of 
turfgrass (Rieke and Ellis, 1974). This has resulted in a lack of studies to determine if an 
objective test that measures the N status of soil can estimate optimum turfgrass growth and/or 
quality responses. Consequently, subjective methods (e.g., assumed N needs of turfgrass species; 
visual preference of turfgrass quality; historical N rates) remain the primary means used to guide 
N fertilization of turf.  
We hypothesized that frequent measurement of soil NO3–N from soil cores taken every two 
weeks over a few growing seasons might provide an acceptable estimate of turfgrass response to 
N. The specific objectives of the study were to design an experiment using contemporary 
concepts of soil test correlation, and if a relationship existed between soil NO3–N concentrations 
and turfgrass growth, apply statistical models to calibrate the soil NO3–N into critical 
concentrations needed to optimize turfgrass color, growth, shoot density, clippings total N 
concentrations, and clippings N uptake for Kentucky bluegrass and tall fescue lawns. We defined 
optimum response as the plateau response from plateau models or the response value 
corresponding to the Cate-Nelson model change point between likely or unlikely response. 
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2.3 MATERIALS AND METHODS 
Field Plot Management and Measurements 
Two separate field experiments were conducted at the University of Connecticut’s Plant Science 
Research and Education Facility, located in Storrs, CT, USA (41° 47' N; 72° 13' W ; elevation 
203 m) on 1-yr old stands of ‘America’ Kentucky bluegrass and a turf-type tall fescue blend 
(‘Shortstop II’, ‘Dynasty’, and ‘Crossfire II’) across three consecutive yrs (2007, 2008, and 
2009). Plots, measuring 2 by 2 m, were arranged in a randomized complete block design with 
three replicates for each species. Treatments consisted of nine rates of N, applied each month 
from May to October at rates of 0, 5, 10, 20, 30, 40, 50, 75 and 100 kg N ha
-1
, resulting in a total 
of 0, 30, 60, 120, 180, 240, 300, 450, and 600 kg N ha
-1
 yr
-1
, using urea as the N source. Plots 
were mowed once or twice per week during the growing season to a height of 7.5 cm and 
clippings remained on the plots. No irrigation was applied except immediately following 
fertilization each time to water-in the urea and to avoid fertilizer burn of the grass at the higher N 
rates. Pest control for weeds, insects, and diseases was applied as needed. The soil at the site is a 
Paxton fine sandy loam (coarse-loamy, mixed, active, mesic Oxyaquic Dystrudepts). Prior to 
establishment of the Kentucky bluegrass and tall fescue stands, the site was managed as a low-
input (no irrigation, no fertilization, mowing height at 76mm, clippings returned) mixed turfgrass 
and forb lawn for at least 20 years. The soil contained 670, 180, and 150 g kg
-1
 of sand, silt, and 
clay, respectively (hydrometer method outlined in Gee and Or, 2012); 2.62, 25.6, and 63 g kg
-1
 
of total N (combustion method as described in Bremner, 1996), total C (combustion method as 
described in Nelson and Sommers, 1996), and organic matter by loss-on-ignition (procedure of 
Ball, 1964), respectively; and 212 and 1260 mg kg
-1
 of Illinois Soil N Test (amino-sugar N) 
(procedure of Khan et al., 2001) and permanganate-oxidizable carbon (active C)(procedure of 
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Weil et al., 2003), respectively. Phosphorous as triple superphosphate and potassium as muriate 
of potash were applied based on soil test recommendations (Griffin and Washko, 1983).  
Two weeks after the first N application in early May and then at approximately two-week 
intervals through October or early November each year, three to five soil cores were collected 
from each plot to a depth of 10 cm using an 18-mm diameter soil probe. The subsamples from 
each plot were mixed into a single sample, air-dried, sieved, extracted with a 0.01M CaCl2 
solution, and analyzed for concentrations of NO3–N using a colorimetric procedure following 
cadmium reduction on a Scientific Instruments continuous flow analyzer (Unity Scientific, 
Brookfield, CT) using the Griess–Ilosvay method (Keeney and Nelson, 1982). There was at least 
a two-week interval between fertilization and soil sampling. A total of 36 sampling dates (12 
each year) were made across the 3-yr study. 
Reflectance measurements for color were taken with the Spectrum FieldScout CM 1000 
Chlorophyll Meter and FieldScout TCM 500 NDVI Turf Color Meter (Spectrum Technologies, 
Inc., Aurora, IL, USA) on the 36 dates immediately before soil sampling. Higher values from the 
meters indicate more ‘green’ turf. Fifteen measurements per plot of the turfgrass canopy were 
taken with both meters between 1100 and 1400hr and averaged per plot. All measurements for 
the CM 1000 meter were taken with the meter facing away from the sun at a height of 
approximately 1.2 m from the turfgrass canopy surface. The TCM 500 meter was pressed 
directly onto the turfgrass canopy, since it has an internal light source. 
Clippings yield measurements were taken twice per month corresponding to soil sampling and 
turfgrass color measurement dates. Clippings were collected from a random 0.1m
2
-area in each 
plot with hand shears, dried at 65 °C for at least 48h, weighed, and ground to pass a 0.5-mm 
sieve, and analyzed for total N concentrations using the combustion method as described in 
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Bremner (1996) with an Elementar CHNOS Combustion Analyzer (Elementar Americas, Inc. Mt. 
Laurel, NJ, USA). After the last sampling in each year, two 26-cm
2
 plugs were removed from 
each plot and the number of aerial shoots was counted and averaged to estimate turfgrass density. 
Clippings uptake of N was calculated based on clippings total N concentration multiplied by the 
clippings dry matter yields. 
 
Statistical Analyses 
The individual replicate measurements for color, clippings yields, clippings total N, and 
clippings N uptake at each sampling date were plotted against individual replicate soil NO3–N 
values of the corresponding sampling date. A linear-response plateau (LRP) model [y = a + bx, x 
≤ (CL); y = a + b(CL), x > (CL), where CL is the critical level value on the x-axis where the 
segments join] and quadratic-response plateau (QRP) model [y = a + bx + cx
2, x ≤ (CL); y = a + 
b(CL) + c(CL
2
), x>(CL), were applied to the data of each sampling date using the NLIN 
procedure in the Statistical Analysis Software (SAS) package (SAS Institute, version 9.2, Cary, 
NC, USA). The LRP and QRP models suggest critical values of soil NO3–N concentrations 
where turfgrass color, clippings total N concentration, clippings yield, and clippings total N 
uptake do not increase past that critical value. The value that represents the maximum response 
at this critical soil NO3–N concentration and above is called the plateau value (Cerrato and 
Blackmer, 1990).  
Color, clippings total N concentration, clippings dry matter yield, and clippings N uptake 
measurements were converted to relative values for each sampling date by dividing each 
individual plot response value by the plateau value for that respective date. When a plateau value 
was not present (plateau model not applicable), each individual plot response value was divided 
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by the mean of the six highest values for that date. Normalizing responses to a relative value 
allows for pooling of turfgrass responses across different sampling dates and/or sites (Blackmer 
et al., 1989). Since turfgrass growth and quality can be affected by factors other than N supply at 
different times of the growing season, these confounding effects are minimized when the data are 
normalized using relative responses. Relative response to soil NO3–N then can be evaluated 
across the entire period encompassing the pooled data. 
Relative values of color, clippings total N concentration, clippings dry matter yield, and 
clippings N uptake were pooled across the three yrs and plotted against the corresponding soil 
NO3–N value for each turfgrass species and then modeled with Cate-Nelson (C-N) (Cate and 
Nelson, 1971; Nelson and Anderson, 1977), LRP, and QRP procedures. Additional relative LRP 
and QRP models for the responses were developed by pooling the data by month (May through 
October) across the three yrs to determine responses at different times of the growing season. 
The critical levels for the C-N models were determined by iterative analysis of variance that 
maximized the sum of squares between two populations of soil NO3–N concentrations (those 
where a response to increasing soil NO3–N is likely and those where a response to increasing soil 
NO3–N is unlikely) using the ANOVA procedure of SAS. The error I and II rates for the C-N 
model were expressed as a percentage and calculated as the number of observations in the upper 
left and lower right quadrants of the C-N plot, respectively, divided by the total number of 
observations multiplied by 100%. The horizontal lines for these models were obtained by 
selecting the relative response value that minimized the total error rate (sum of error I and II). 
For comparative purposes, the critical levels obtained from the LRP and QRP models were 
inserted into the original C-N models, while holding the horizontal value constant, to determine 
error I and II rates for the plateau model critical levels. Confidence limits for the critical levels 
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suggested by the C-N model were determined by comparing the Akaike Information Criterion 
(AIC) value from the model that maximized the sum of squares to the AIC values from models 
that suggested slightly lower and greater critical levels using the MIXED procedure in SAS. If 
the rescaled difference between the AIC values were approximately ≤ 7, this was taken as 
corresponding roughly to a 95% confidence limit (Burnham and Anderson, 1998; 2004). 
For shoot count models, LRP and QRP models were applied to the mean of Sept. and Oct. soil 
NO3–N concentrations for each individual plot, since a single shoot count measurement was 
taken at the end of each growing season. We reasoned that the later season (Sept.-Oct.) soil 
NO3–N concentrations would be most reflective of shoot counts taken in early November, 
instead of the mean soil NO3–N concentration across the entire growing season. Relative shoot 
counts were then calculated from these values, and C-N and plateau models were applied to the 
relative counts with data pooled across three yrs. 
To determine precipitation effects on soil NO3–N concentrations, mean monthly (May through 
October) concentrations of soil NO3–N from the Kentucky bluegrass and tall fescue 300, 450 and 
600 kg N ha
-1
 yr
-1 
N rate treatments were plotted against monthly precipitation amounts and 
pooled across three yrs. An inverse second-order polynomial regression model was fitted to the 
plot using SigmaPlot version 11.2 software (Systat Software, Inc., San Jose, CA, USA). 
Differences for soil NO3–N concentrations between N rates treatments within each species were 
determined by using the nonparametric Kruskal-Wallis test with the SAS procedure 
NPAR1WAY. Data from all 3-yrs across all sampling dates were pooled for each N rate within 
the two species. The Kruskal-Wallis test was used because the data were not normally distributed 
and treatment variances were not homogenous. Separation of N rate treatment scores from the 
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Kruskal-Wallis test was made with a SAS macro (Elliott and Hynan, 2010) that used the 
approach of Dunn (1964).  
Logistic curves of binary responses for the probabilities of relative NDVI and absolute NDVI 
readings in relation to soil NO3–N concentrations were determined with linear logistic models (a 
+ bx = {ln[π/(1–π)]} using the LOGISTIC procedure of SAS. In this model, π is the probability 
of relative NDVI readings being ≥ 1.0, 0.97, and 0.95 for both species, and absolute NDVI being 
≥ 0.705 for Kentucky bluegrass and ≥0.670 for tall fescue (as measured with the TCM 500 
NDVI meter). 
  
2.4 RESULTS AND DISCUSSION 
Weather Data 
Monthly temperature and precipitation data for the 3-yr study, along with the 30-yr normal 
values, are presented in Table 1. Generally, the period of active sampling (May-Oct.) was 
slightly warmer in 2007 than normal, close to normal in 2008, and slightly cooler than normal in 
2009. Precipitation for the active sampling period was 40% below normal in 2007, with every 
month markedly below the normal. Precipitation in the active sampling period was above normal 
by 7 and 14% in 2008 and 2009, respectively. September 2008 and July 2009 had particularly 
high amounts of rainfall (129 and 95 mm above normal, respectively).  
 
Soil NO3–N Concentrations as a Function of N rate and Sampling Date 
Across the 3-yr study, significant (p<0.0001) differences for soil NO3–N concentrations between 
N rates were seen within each species (Fig. 1). The trend within each species was increasing soil 
NO3–N concentrations as N rate increased from the 0 to 100 kg N ha
-1
 mo
-1
. Yearly and biweekly 
variations in soil NO3–N concentrations were evident for every N rate treatment across the entire 
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study period (Fig. 2). Soil NO3–N concentrations tended to be higher at the end of the growing 
season (Sept.-Oct.), which was also reported for other cool-season turfgrass by Rieke and Ellis 
(1974) and Miltner et al., (2001), and most likely due to mineralization. Observed variation for 
soil NO3–N concentrations validated the need for frequent measurement, and the variation is 
consistent with how N cycles in soils. Gains of soil NO3 occur from mineralization of soil 
organic matter and returned clippings, and losses occur from leaching caused by rainfall and 
irrigation, immobilization from soil microbes, and denitrification. 
  
Modeling Relative Turfgrass Responses as a Function of Soil NO3–N Concentrations with 
Pooled Data across Three Yrs 
 
Turfgrass Color 
Significant (p<0.0001) C-N, LRP, and QRP models relating relative color readings (CM 1000 
and NDVI) to soil core NO3–N concentrations were found for Kentucky bluegrass and tall fescue 
data pooled across three yrs (Table 2; Fig. 3, panels A, B, C, D). These models suggested critical 
concentrations of soil NO3–N that indicated the beginning of the plateau response or marked the 
C-N change point between likely and unlikely color response. The critical NO3–N concentrations 
ranged from 3.8 to 18.0 mg kg
-1
 for Kentucky bluegrass, and from 2.7 to 10.1 mg kg
-1
 for tall 
fescue. Similar responses for cool-season turfgrass color, as measured with chlorophyll and 
tristimulus chroma meters, have been modeled to AEM desorbed soil NO3–N (Mangiafico and 
Guillard, 2005, 2006, 2007; Barry et al., 2009). These studies showed that at some given critical 
values of AEM desorbed soil NO3–N, a plateau of ‘green’ turfgrass color was produced or 
approached, and any further increase in soil NO3–N greater than this critical value did not result 
in significantly greener turf. We arrive at the same conclusion for turfgrass color as a function of 
soil NO3–N concentrations measured in frequently-collected soil cores.  
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The CM 1000 meter provided slightly greater critical soil NO3–N concentrations to reach the C-
N change point or plateau of turfgrass color compared with the NDVI meter. Although both 
meters are used as a proxy for turfgrass color (higher values equated with greener turf), 
differences in critical values suggest that the meters may be measuring different components of 
the turfgrass canopy. The basis behind NDVI reflectance differences in turfgrass is poorly 
understood as reported by Bremer et al. (2011). They concluded that further research is needed to 
evaluate specific effects of biophysical and physiological components of turfgrass canopies (e.g., 
plant water status, leaf cell constituents, stomatal densities, leaf angles) on red and, in particular, 
near infrared reflectance, and effects of shadows in the canopy. Overall, however, the different 
meter readings were positively correlated (data not shown), and either meter would be able to 
estimate turfgrass color response with the same level of certainty (i.e., similar R
2
 values). As 
determined by the plateau models, critical soil NO3–N concentrations needed for maximum color 
response of Kentucky bluegrass were approximately twice those of tall fescue. 
 
Clippings Dry Matter Yields (DMY) 
The relationship between relative DMY and soil NO3–N concentrations for pooled data across 
three yrs was significant (p<0.0001) for C-N, LRP, and QRP models in both turfgrass species, 
but showed the greatest variability of all variables tested (Table 2; Fig. 3, panels E, F). The 
critical values of soil NO3–N needed to initiate a plateau response or the C-N change point 
between likely and unlikely response for growth ranged from 3.7 to 15.6 and 2.5 to 7.5 mg kg
-1
, 
respectively, for Kentucky bluegrass and tall fescue. Following the same trend as color response, 
critical values for Kentucky bluegrass with the plateau models were approximately twice those 
of tall fescue. Previous studies from our laboratory, using AEM desorbed soil NO3–N to estimate 
 
 
28 
clippings growth responses, reported plateau or diminishing-return maximum clippings yield 
responses when soil NO3–N reached a given critical level in four of five different cool-season 
turfgrass studies (Kopp and Guillard, 2002a; Mangiafico and Guillard, 2005, 2006, 2007; Barry 
et al., 2009).  
The critical levels for DMY in our study were similar to and within the reported critical ranges of 
soil NO3–N concentrations needed to maximize the relative yield of mixed cool-season forage 
grasses in a three-cut hay system in our climate: 2.0 to 4.5 mg kg
-1
 for the first harvest, 4.0 to 9.8 
mg kg
-1
 for the second harvest, and 2.0 to 11.0 mg kg
-1
 for the third harvest (Collins and Allinson, 
2004). Although the goal in amenity turfgrass is not to maximize the yield, similar critical values 
between turf-type and forage-type grass yields suggest that the maximum growth response of 
perennial cool-season grasses, whether for forage or turfgrass use in our climate, will be reached 
at soil NO3–N concentrations approaching 10 to 15 mg kg
-1
. 
Optimum yield in many agronomic and vegetable crops is obtained when soil NO3–N 
concentration are in the range of 20 to 30 mg kg
-1
. The crops that have been studied include 
silage corn (Zea mays L.) (Magdoff et al., 1990; Fox, et al., 1989; Meisinger et al., 1992; 
Klausner et al., 1993; Sims et al., 1995), field pumpkins (Cucurbita pepo L.) (Morris et al., 2000), 
sweet corn [Zea mays L. subsp. saccharata (Sturtev.) Zhuk.] (Heckman et al., 1995), peppers 
(Capsicum annuum L.) (Howell, 1999), fall cabbage (Brassica oleracea var. oleracea L.) 
(Heckman et al., 2002), broccoli (Brassica oleracea var. italica L.), cauliflower (Brassica 
oleracea var. botrytis L.), lettuce (Lactuca sativa L.) and celery (Apium graveolens L.) (Hartz 
and Bendixen, 1998; Hartz and Breschini, 2000).  
What is somewhat remarkable in the above studies is the narrow range for critical soil NO3–N 
concentrations of 20 to 30 mg kg
-1
 for many different crop species in many different 
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environments. The unifying feature among all these different species, however, is that they are 
all annuals. Our data and the data of Collins and Allinson (2004) suggest that the critical soil 
NO3–N concentrations for optimizing responses of a perennial grass crop for forage or amenity 
turfgrass purposes will be decidedly less than for annual crops. This difference in critical soil 
NO3–N concentrations probably is related to the different N demands, in both amounts and 
timing, between annuals and perennials due to different growth responses (including root 
architecture) and physiology at different times during the growing season. Consequently, 
multiple sampling during the growing season will probably be required to model responses for 
perennial turfgrass as a function of soil NO3–N concentrations.  
 
Clippings Total N Concentrations (CTN) and Clippings Total N Uptake (CNUP) 
Cate-Nelson, LRP, and QRP models were significant (p<0.0001) in relating relative CTN and 
CNUP to soil core NO3–N concentrations for Kentucky bluegrass and tall fescue (Table 2; Fig. 3, 
panels G, H, I, J). Across three yrs of pooled data, CTN response plateaued or reached the C-N 
change point between likely and unlikely response when soil NO3–N concentrations were in the 
range of 3.7 to 17.5 mg kg
-1
 for Kentucky bluegrass, and from 3.5 to 10.1 mg kg
-1 
for tall fescue. 
For CNUP, the range of critical soil NO3–N concentrations corresponding to the start of a plateau 
response or C-N change point was 3.7 to 19.4 and 2.9 to 9.8 mg kg
-1 
for Kentucky bluegrass and 
tall fescue, respectively. The response of CTN and CNUP to NO3–N concentrations measured in 
soil cores was similar to turfgrass clippings N concentration and uptake models based on AEM 
desorbed soil NO3–N, where a plateau or diminishing-return maximum response was reached at 
given critical levels of soil AEM desorbed NO3–N (Mangiafico and Guillard, 2007; Kopp and 
Guillard, 2009). Following the same trend as color and DMY, critical soil NO3–N concentrations 
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needed to reach a plateau or C-N change point for total N concentrations and uptake in the 
clippings for Kentucky bluegrass were two to three times higher than those of tall fescue, based 
on critical values produced by the plateau models.  
 
Shoot Counts 
Significant C-N, LRP, and QRP models (p<0.0001 to 0.0028) describing relative fall (Nov.) 
shoot counts response as a function of mean Sept-Oct. soil NO3–N concentrations were obtained 
for Kentucky bluegrass and tall fescue (Table 2; Fig. 3, panels K, L). These models suggested 
critical concentrations of fall soil NO3–N corresponding to the beginning of a plateau response or 
C-N change point between likely or unlikely fall shoot counts response ranging from 4.8 to 10.4 
and from 2.8 to 8.1 mg kg
-1
, respectively, for Kentucky bluegrass and tall fescue, when data were 
pooled across three yrs from the September-October sampling periods. Following trends of the 
other measured variables, critical concentrations of fall soil NO3–N for shoot counts at the end of 
the growing season were higher in the plateau models for Kentucky bluegrass than for tall fescue. 
Critical values of fall soil NO3–N for shoot counts were similar to the critical ranges reported for 
the other quality or growth measurements in this study. 
 
Seasonal Effects 
In general, better fits to the plateau models (higher R
2
 values) were observed in the fall 
(September and October) than in the spring (May and June) or summer (July and August). The 
relative monthly CM 1000 readings for Kentucky bluegrass pooled across three yrs are used to 
illustrate this observation (Table 3). There is an increasing trend of higher R
2
 values from May to 
October, in addition to increasingly higher critical values of soil NO3–N concentrations as the 
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season progresses (Fig. 2). This was the general trend for the other variables (DMY, CTN, 
CNUP) measured across each of the three growing seasons (data not shown). Critical soil NO3–
N concentrations needed to maximize cool-season grass hay yield were reported also to increase 
throughout the season in our climate (Collins and Allinson, 2004). This may indicate that more 
ammonium (NH4) is being taken up earlier in the growing season than NO3 due to less 
conversion of NH4 to NO3 because of cooler soil temperatures, more residual NH4 from prior 
fertilizer applications, or that spring growth is more reliant on stored N in the plant from the 
previous fall than on soil N forms at this time. 
Release of NO3 from mineralization and nitrification will add to the available pool of N in a 
turfgrass system. Estimating or measuring N from mineralization should be used in the decision 
process for determining appropriate N rates. Because of the relatively high organic matter 
concentration (63 g kg
-1
), and concentrations of Illinois Soil N Test (212 mg kg
-1
), where 250 mg 
kg
-1
 would be associated with a low probability of turfgrass response to N at our site (Geng et al., 
2013),  and permanganate-oxidizable carbon (1260 mg kg
-1
), where 1300 mg kg
-1
 would be 
associated with a low probability of turfgrass response to N at our site (Geng et al., 2013), 
considerable mineralization would be expected. The increasing trend of soil NO3–N 
concentrations across N rates and years during the fall (Sept.-Oct.) as shown in Fig. 2 suggests a 
high mineralization potential. The fall is an important time of the year for cool-season turfgrass 
nutrient management as the current N fertilization paradigm stresses N application during this 
period for these grasses. However, this period is also the time for greatest risk of nitrate leaching 
in cool-temperate climates. Since mineralization rates are typically high during this period, and 
our study and those of Rieke and Ellis (1974) and Miltner et al. (2001) suggest that soil NO3–N 
concentrations are greatest in the fall, we think that frequent soil core NO3–N measurement may 
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be a more reliable guide for fall N fertilization than current non-objective approaches, thereby 
reducing the risk of excess N application and leaching losses. 
 
Model Comparison 
For every variable tested, lowest to highest critical levels were produced in the order of C-N, 
LRP, and QRP models. In general, these models select a critical level where the probability of 
any further positive response beyond the critical value is increasingly unlikely. Model 
differences in determining that critical level value are a function of how each model calculates 
the value. The C-N model divides the data into two populations and suggests a critical soil NO3–
N value above which turfgrass would have a low probability of response to increasing 
concentrations of soil NO3–N. Graphically, this is expressed in the C-N plot with a vertical line 
to the x-axis to represent the critical soil NO3–N concentration, and a horizontal line to the y-axis 
to represent the value that divides the observations into four quadrants where the number of 
observations are maximized in the lower left and upper right quadrants when a positive response 
to increasing soil nutrients is present. Observations in the upper left quadrant represent error I 
(greater than expected response at concentrations less than the critical level), and observations in 
the lower right quadrant represent error II (lower than expected response at concentrations 
greater than the critical level). The C-N model tends to be the most conservative since the change 
point is based on grouping of observations into two populations that result in the greatest sum of 
squares for the response variable. The critical value in this model is somewhat analogous to a 
median-response value – below the value a response to increasing soil NO3–N concentration is 
likely, and above the value a response to increasing soil NO3–N concentration is unlikely. The 
critical value and probability of response depend on the difference of the mean from the two 
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populations where that change point occurs. Because of the grouping into two populations, the 
pooled variance of the observation group that is associated with an unlikely response may mask 
small positive responses in that group at soil NO3–N concentrations slightly above the critical 
level. 
With the plateau models, small positive responses are included in the linear or quadratic portion 
of the trend analysis up to that critical level change point, which is generally greater than that 
suggested by the C-N model. The LRP provides an abrupt endpoint to the plateau since curvature 
in the response is not part of the linear trend, whereas the QRP continues to model a positive 
response up to a higher critical level that includes the curvature in the response following the 
quadratic form, but with diminishing returns until the plateau is reached. From a biological 
standpoint, the QRP probably reflects the true nature of the relationship more realistically than 
an abrupt endpoint, but it results in higher critical values. These higher levels may be of 
statistical significance, but they may not be of practical importance. For example, the QRP will 
show a higher critical soil NO3–N level than the LRP for NDVI response, but the small 
difference between NDVI readings at two different critical levels would be of little consequence 
to the human eye because it is unlikely the human eye would be able to distinguish the 
differences between turfgrass color with an NDVI reading of 0.800 absolute units versus a 
reading of 0.760 absolute units (95% of the higher reading)(Note that NDVI units in Fig. 3 
panels C and D are relative; not absolute units). However, the critical level of soil NO3–N that 
produced the NDVI reading of 0.760 absolute units could be considerably lower than the critical 
level of soil NO3–N that produced the NDVI reading of 0.800 absolute units, since the higher 
response would occur in the region of the diminishing-returns portion of the curve or on or near 
the plateau. In this case, maintaining a higher soil NO3–N critical level based on the QRP is 
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unlikely to perceptively improve turfgrass quality more than the LRP critical soil NO3–N 
concentrations, but will result in the addition of more N than is needed for acceptable color 
response. 
It was not our intention to determine which procedure produced the ‘best’ model for estimation 
in our study, but to establish a target range of soil NO3–N concentrations that could be 
considered as a guide for N fertilization. Since different turfgrass sites will have inherently 
unique characteristics with respect to soil N availability, these critical level ranges could provide 
a starting point for site-specific N management.  
Although all three approaches produced highly significant models (p<0.01) for every variable 
tested, the amount of variation in the response explained by the model was relatively weak as 
expressed by the R
2
 values. An examination of the C-N model error rates helps explain the low 
R
2
 values. Partitioning the total error percentages into error I and II components is useful in 
revealing the biases inherent in the models. Error I rates represent the percentage of observations 
that have greater than expected response at concentrations less than the critical level (top left 
quadrant), which would suggest applications of N when not needed; error II rates represent the 
percentage of observations that have lower than expected response at concentrations greater than 
the critical level (lower right quadrant), which would cause lower quality turfgrass by suggesting 
no application of N when N may be needed. 
Error rates for the C-N model critical values and C-N models with critical values determined by 
the LRP and QRP methods are presented in Table 4. Total error rates for Kentucky bluegrass 
responses ranged from 21 to 31%, 18 to 41%, and 14 to 43% for the C-N model, and the C-N 
models using the critical values from the LRP and QRP methods, respectively. Total error rates 
for tall fescue responses ranged from 22 to 34%, 23 to 33%, and 25 to 37% for the C-N model, 
 
 
35 
and the C-N models using the critical values from the LRP and QRP methods, respectively. 
Because of these high total error rates, the model R
2
 values are relatively low. However, these 
error rates also indicate that the models correctly identified Kentucky bluegrass responses 
between 57 to 86% of the time, and tall fescue responses between 63 to 78% of the time. 
Although the models were not perfect in estimation, they suggest that turfgrass response can be 
acceptably estimated by frequent measurement of soil NO3–N concentrations in most cases, but 
there is uncertainty with the model critical levels. This probably reflects the highly variable 
nature of soil NO3–N concentrations, which more than likely lead to the previous conclusions in 
earlier research (Rieke and Ellis, 1974) that soil NO3–N is not a reliable estimator of turfgrass 
response. However, we think that correctly identifying turfgrass responses as a function of soil 
NO3–N concentrations about 60 to 85% of the time is encouraging and should receive further 
investigation. 
At the lowest critical values returned by the C-N model (3.7 to 3.8 mg kg
-1
) for Kentucky 
bluegrass responses, error II rates generally contributed more to the total error than error I rates, 
suggesting that these critical values may be on the low end for optimum quality and growth 
responses. The exception to this was shoot density, with the critical value of 4.9 mg kg
-1
 
resulting in an error II rate of < 10%. However, even though the error II rates were higher than 
error I rates for Kentucky bluegrass responses, at worst the C-N model critical levels resulted in 
optimum or above optimum responses 75% of the time (for DMY), and at best 94% of the time 
(for shoot counts). 
At the lowest critical values returned by the C-N model (2.5 to 3.5 mg kg
-1
) for tall fescue, error I 
and II rates generally contributed equally to the total error, except for DMY and shoot count 
density, which displayed higher error II rates. This suggests that these lower soil NO3–N 
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concentrations may be sufficient for tall fescue quality responses, but less reliable for optimizing 
growth responses. Based on the error II rates for tall fescue responses, at worst the C-N model 
critical levels resulted in optimum or above optimum responses 76% of the time (for DMY), and 
at best 91% of the time (for CTN). With both Kentucky bluegrass and tall fescue, a higher error 
II rate for growth response (i.e., DMY) at these lower soil NO3–N concentrations is not as much 
a concern as it would be with quality responses, since maximizing growth typically is not a 
desired goal in lawns. Producing acceptable turfgrass quality without the additional costs and 
time associated with increased mowing would be ideal in most cases. Therefore, using the lower 
critical soil NO3–N concentrations with higher error I rates as a guide for N fertilization may be 
desirable as a practice to prevent excessive turfgrass lawn clippings, while still maintaining 
acceptable quality. 
As the critical level increased with the LRP and QRP models, total error rates were not much 
different from the original C-N model error rates, but there was a marked shift to higher 
percentages of error I rates (Table 4), suggesting that these critical levels may be more on the 
excessive end of soil NO3–N concentrations. Reducing the error II rates by increasing the critical 
level resulted in greater error I rates, and greater likelihood of losses of NO3 from the turfgrass 
profile and increased risk of nutrient pollution. 
The models used in this study estimated critical levels for plateau responses or delineated C-N 
change points between likely response and unlikely response. These critical levels would suggest 
when optimum turfgrass response would be likely. However, fertilizing with N to reach the 
plateau of turfgrass response may increase the risk of NO3 leaching. In a Kentucky bluegrass-
fescue (Festuca rubra rubra L.) lawn, the probability of equaling or exceeding the drinking 
water standard of 10 mg NO3–N L
-1
 in percolate captured below the rooting depth was P=1.0 at 
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the plateau value for optimum CM 1000 chlorophyll meter readings (Barry et al., 2009). 
However, at 90% of the optimum CM 1000 plateau value, the probability of equaling or 
exceeding the drinking water standard of 10 mg NO3–N L
-1
 in percolate captured below the 
rooting depth dropped to P=0.28. At 90% of the optimum CM 1000 plateau value, there was very 
little difference in turfgrass visual appearance, but markedly less risk in NO3 leaching. 
In many lawn situations, turfgrass quality responses need only be ‘acceptable’, and not at an 
optimum or maximum level. This would suggest that the lower critical levels estimated by the C-
N model may be sufficient to produce acceptable turfgrass quality, and thus lower risk for N 
losses. ‘Acceptable’ is a subjective term, however, which makes it difficult to define using 
quantitative measures. In an attempt to estimate soil NO3–N concentrations that may result in 
acceptable responses, the use of probability curves is illustrated for relative NDVI response at 
the optimum plateau response (relative NDVI = 1.0), and at 97% and 95% of the optimum 
plateau (relative NDVI= 0.97 and 0.95, respectively) as a function of soil NO3–N concentrations 
within the critical ranges suggested by the C-N, LRP, and QRP models (Fig. 4). For Kentucky 
bluegrass, the probability of obtaining or exceeding a relative NDVI value of 0.97 and 0.95 (97% 
and 95% of optimum plateau response) was P=0.73 and P=0.90, respectively, at the C-N critical 
level of 3.8 mg NO3–N kg
-1 
(Fig. 4, panel A). For tall fescue, the probability of obtaining or 
exceeding a relative NDVI value of 0.97 and 0.95 (97% and 95% of optimum plateau response) 
was P=0.65 and P=0.82, respectively, at the C-N critical level of 2.7 mg kg
-1
 (Fig. 4, panel B).  
At our site, it would be reasonable to expect acceptable turfgrass quality (visual rating of at least 
‘6.0’) at N rates of 10 to 20 kg N ha-1 mo-1 (60 to 120 kg N ha-1 yr-1) when clippings are returned 
(Kopp and Guillard, 2002b). Using the mean absolute TCM 500 NDVI meter value across 3-yrs 
at N rates of 10 to 20 kg N ha
-1
 mo
-1 
(0.705 for Kentucky bluegrass and 0.670 for tall fescue), the 
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probability of obtaining or exceeding an absolute NDVI value of 0.705 was P=0.73 at the C-N 
critical level of 3.8 mg NO3–N kg
-1
 for Kentucky bluegrass (Fig. 4, panel A). For tall fescue, the 
probability of obtaining or exceeding an absolute NDVI value of 0.670 was P=0.69 at the C-N 
critical level of 2.7 mg NO3–N kg
-1
 (Fig. 4, panel B). These probability plots suggest that 
acceptable turfgrass at our site is highly likely when soil NO3–N concentrations are relatively 
low (≤ 5 mg kg-1), as suggested by the C-N model, and below the optimum critical levels 
suggested by the LRP and QRP models. This probably is attributable to the relatively high 
mineralization potential at our site.   
 
Reliability of Frequently Measured Soil Nitrate-N to Estimate Turfgrass Response 
The reliability of frequent measured soil NO3–N to guide N fertilization of turfgrass will be 
highly dependent upon water management. Excess input of water via irrigation, natural rainfall, 
or both will drastically reduce the usefulness of this approach since NO3 is highly mobile in the 
soil profile and will leach with percolating water through the root zone beyond the effective soil 
sampling depth, or denitrify under wet conditions. Under these conditions, it is possible that 
strict adherence to the critical values suggested by our results could result in excess N 
application and further leaching or denitrification losses during the period between soil 
samplings with continual input of water greater than that needed by turf. Our use of a frequent 
measurement of soil NO3–N at intervals of two weeks or less was meant to measure soil NO3–N 
fluxes as accurately as possible within a relatively short timeframe, knowing that NO3 losses and 
transformations occur rapidly. However, in some cases low test results following excess water 
input could occur due to leaching or denitrification of NO3 between soil sampling dates. The 
obvious response in these cases is to reduce irrigation input to prevent NO3 losses.  
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We did not use supplemental irrigation as a regular practice (only to water in urea after 
fertilization). However, heavy rainfall amounts from episodic storms during the study resulted in 
low soil NO3–N concentrations. For example, 233 mm of rainfall was measured in September 
2008, and 195 mm of rainfall occurred in July 2009 (Table 1). During these months, the mean 
soil NO3–N concentrations across both species for the three highest N rate treatments (300, 450, 
and 600 kg N ha
-1
 yr
-1
) were 3.9, 3.9, and 5.9 mg NO3–N kg
-1
, respectively, in September 2008, 
and 2.0, 2.1, and 3.3 mg NO3–N kg
-1
, respectively, in July 2009. These concentrations were 
below the critical levels suggested by the LRP and QRP models (Fig. 3), suggesting marked loss 
of NO3 from the root zone. 
The effect of rainfall on soil NO3–N concentrations is shown by plotting monthly (May through 
Oct.) precipitation amounts against the respective mean monthly soil NO3–N concentrations for 
the 300, 450, and 600 kg N ha
-1 
yr
-1 
treatments pooled across the two turfgrass species for three 
yrs (Fig. 5). Rapid decreases in soil NO3–N concentrations were observed as monthly 
precipitation increased to about 100 mm, followed by slower rates of decrease with additional 
precipitation amounts. This suggests that most of the NO3 remaining in the root zone, that was 
not taken up by the turfgrass plants and associated with the larger soil pores, had moved beyond 
the depth of sampling with drainage as precipitation approached 100 mm. The slower rate of 
decrease in the soil NO3–N concentrations after 100 mm may be a reflection of some limited 
leaching protection of NO3 associated with the smaller soil pores, in addition to plant uptake, and 
the release of NO3 at baseline mineralization rates. It is also interesting to note that the absolute 
decreases in NO3–N concentrations were much greater for the 450 and 600 kg N ha
-1
 yr
-1
 
treatments compared with the 300 kg N ha
-1
 yr
-1
 treatment. This reflects the fact that when N is 
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applied at rates much greater than a crop can remove, much of the excess is subjected to losses 
from the root zone in a humid temperate climate (Reddy and Reddy, 1993). 
There was extremely high rainfall amounts in September 2008 and in July 2009; NO3–N 
concentrations during these two months were very low (<5 mg kg
-1
) even with the high N 
treatments of 300, 450, and 600 kg N ha
-1
 yr
-1
 for both Kentucky bluegrass and tall fescue. This 
suggested that most of the residual NO3 in the sampling depth of the soil profile that was not 
taken up by the turfgrass plants (as indicated by the CNUP plateau response shown in Fig. 3, 
panels I and J), was probably leached below the 10-cm soil sampling depth. The critical values of 
<5 mg kg
-1
 would suggest to apply more N to the turfgrass, even under these high N rates, to 
raise the soil NO3–N concentrations to within those ranges suggested by our data. However, the 
tissue N concentrations at these periods suggest sufficient amounts of N were taken up by the 
grass plants, and this would caution against further N additions at that time and to resample in 
two weeks. 
Large inputs of water from rainfall cannot be controlled, but it is possible to control the amount 
of irrigation water applied to turf. Soil NO3–N concentrations are highly sensitive to water input, 
and irrigation amounts need to be managed properly if frequently measured soil NO3–N is to be 
effective. Loss of NO3 from the soil profile in our studies was probably the main reason for the 
relatively high error I rates presented in Table 4. The turfgrass plants probably had taken up 
sufficient NO3 between soil samplings, but residual NO3 in the profile may have been leached 
past the sampling depth resulting in optimum or above optimum responses at less than the 
critical soil NO3 concentrations. It is clear that the highly variable nature of soil NO3 contributes 
to the challenges of estimating turfgrass response to soil NO3–N concentrations. With further 
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research that includes a measure of soil water in the model, there should be an increase in the 
reliability of frequently measured soil NO3–N as an estimator of turfgrass response. 
The reliability of a frequent sampling approach will be influenced by environmental conditions 
and growth rates of Kentucky bluegrass and tall fescue. But, the uncertainty created by varying 
environmental conditions across the 3-yrs of our study can be ascertained by the probability plots 
shown in Fig. 4. The plots suggest that although we cannot say for certain what the turfgrass 
response at our site will be at a given soil NO3–N concentration, we can state the likelihood of 
obtaining a response at selected benchmarks across the range of critical values suggested by the 
C-N, LRP, and QRP models. This should encourage the evaluation of this approach at other sites 
under differing conditions. 
 
2.5 SUMMARY AND CONCLUSIONS 
Contemporary soil fertility models using iterative maximization of sum of squares to delineate a 
change point between likely and unlikely response (C-N procedure) or maximum likelihood 
estimation to identify critical concentrations of soil NO3–N and plateau parameters for plant 
responses (LRP and QRP procedures) are applicable to amenity turfgrass stands in determining 
response to frequently-measured soil NO3–N concentrations in soil cores. Based on these models, 
we conclude that estimating Kentucky bluegrass and tall fescue lawn quality and growth 
responses is possible with a frequent measurement (every two weeks during the growing season) 
of soil core NO3–N concentrations, that will correctly identify turfgrass response 60 to 85% of 
the time at our site. Because the frequent soil NO3–N test will be site specific, we think this 
objective approach will be a better guide for turfgrass N fertilization than the current subjective 
approaches used universally across different sites and soils with varying inherent N 
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mineralization potentials. However, because of the variability associated with NO3–N fluxes in 
the soil, there will still be considerable uncertainty with this approach, even with frequent two-
week sampling intervals. 
The frequent two-week sampling interval will be a major departure from single-sampling or 
infrequent sampling for soil NO3–N associated with the PSNT for agronomic and horticultural 
annual field crops. With perennial turfgrass plants in humid-temperate climates, infrequent 
sampling for soil NO3–N will not be reliable due to the rapid transformations of N that occur in 
the soil. We propose that frequent measurement of soil NO3–N taken every two weeks over a 
few growing seasons to decide if N fertilizer is needed, will improve N management in turf in 
humid-temperate climates. A frequent measurement of NO3–N concentrations from soil cores 
should provide a better understanding of the N-supplying capacity of turfgrass soils at any 
specific site, which should be taken into consideration when deciding on N rates. Maintaining 
soil NO3–N concentrations between 4 to 10 mg kg
-1
 for Kentucky bluegrass and 3 to 5 mg kg
-1
 
for tall fescue (based on the range of critical levels from the C-N and LRP models and 
probability plots) should result in acceptable to optimum quality and growth of lawns at our site 
comprised of these turfgrass species. These data further suggest that tall fescue requires less N 
fertilization than Kentucky bluegrass for optimum response. We suspect that our critical ranges 
would be applicable to other turfgrass sites and species in our climate, but this would need to be 
validated with further testing. 
Although we conclude that turfgrass responses can be modeled by using frequent soil NO3–N 
measurements in a soil core, the reliability of the test will be dependent upon water management. 
If excessive water inputs are received (either through natural precipitation, irrigation, or both), 
then there will probably be little relationship between measured soil NO3–N concentrations and 
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turfgrass responses. Therefore, water inputs need to be considered and managed when 
determining the relationship between frequent measurement of soil NO3–N and turfgrass 
responses. 
We acknowledge that the landscape and lawncare industry currently does not sample soils on a 
regular basis, and we expect that our suggested approach to managing N for turf will be difficult 
to implement given the existing industry mental model (Johnson-Laird, 1983) for turf N 
fertilization. The ideas presented here will require managers of turf to re-frame their mental 
model about how N should be managed. 
We are hoping that our data encourage other turf researchers and practitioners to evaluate our 
approaches at their locations, similar to what happened when the PSNT for corn was first 
reported in the early 1980’s literature (Magdoff et al., 1984). This seminal paper on using a 
measure of soil NO3–N to predict corn response to N fertilization was controversial when it was 
first published, but led to a wide-scale evaluation and testing across corn-growing areas of the 
country despite criticisms and skepticism that farmers and industry would not use the test 
because of the time of soil sampling, logistics of sample analysis, and departure from the 
traditional way of making N recommendations. The PSNT turned out to have applicability in 
many, but not all situations, and is now used to guide N fertilization of corn and other crops 
(Heckman, 2002). Interest in the test by farmers caused scientists to develop methods for rapid 
shipment and analysis of soil samples, which enabled more adoption of the test. Our data suggest 
that a frequent measure of soil NO3–N to predict turf response shows promise. However, there is 
much more research needed to improve this approach, and our data should be viewed only as a 
small step forward in developing objective tests to guide turf N fertilization. Turf researchers 
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should objectively evaluate frequent measurement of soil NO3–N to determine its merits across 
different turfgrass species and environments.  
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Table 2.1. Monthly temperature and precipitation amounts across the 3-yr (2007-2009) study period with 30-yr normal 
(1981-2010) at Storrs, CT.  
 Temperature maximum, C  Temperature minimum C  Precipitation, mm 
Month 2007 2008 2009 Normal  2007 2008 2009 Normal  2007 2008 2009 Normal 
Jan. 3.5 2.5 -3.0 0.6  -5.2 -5.8 -10.9 -7.5  76 58 73 96 
Feb.  -2.0 2.9 2.7 2.7  -9.6 -5.7 -6.8 -5.8  40 226 32 85 
Mar. 6.0 6.4 6.3 6.8  -4.2 -3.0 -3.2 -2.2  123 126 82 113 
Apr. 10.8 15.2 14.3 13.4  2.6 3.8 4.1 3.4  204 102 119 115 
May 21.0 17.3 18.9 19.3  9.3 7.5 8.9 8.3  57 64 92 101 
Jun. 23.0 23.9 21.1 23.8  13.8 14.9 12.8 13.7  72 108 145 113 
Jul. 25.5 26.4 24.1 26.2  16.5 18.0 15.6 16.6  85 115 195 100 
Aug. 25.5 24.7 26.0 25.6  15.7 14.6 16.9 15.7  53 82 101 97 
Sep. 23.4 21.7 20.9 21.7  12.4 12.4 10.8 11.7  41 233 43 104 
Oct. 18.6 15.6 13.2 15.6  9.3 4.9 4.6 5.7  72 74 145 117 
Nov. 8.7 8.7 11.4 9.8  -0.3 0.6 3.7 1.5  76 91 76 116 
Dec. 1.5 3.8 2.6 3.3  -4.9 -5.2 -5.5 -4.2  138 198 121 107 
Sum           1035 1476 1222 1264 
               
May-Oct. 
mean or 
sum 22.8 21.6 20.7 22.0   12.8 12.1 11.6 11.9   379 677 719 632 
               
Deviation 
(%) from 
May-Oct. 
mean or 
sum 
Normal 3.7 -1.9 -6.0   7.5 1.0 -2.8   -40.0 7.1 13.9  
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Table 2.2. Model parameters for relationships of relative color (CM 1000 and NDVI), clippings 
total N concentrations (CTN), clippings dry matter yields (DMY), clippings total N uptake 
(CNUP), and shoot count measurements as a function of soil NO3–N generated with Cate-
Nelson (C-N), linear-response plateau (LRP), and quadratic-response plateau (QRP) models for 
Kentucky bluegrass and tall fescue lawns with data pooled across three years (2007, 2008, 
2009). Probability values (p), coefficient of determination (R
2
), critical y for Cate-Nelson or 
plateau y for LRP and QRP models, critical values of soil NO3–N concentration to optimize 
turfgrass response, and approximate 95% confidence limits (CL) of the critical soil NO3–N 
values are included (n = 972 for CM 1000 and NDVI; n = 918 for DMY, CTN, and CNUP; n = 
81 for shoot counts). 
 
 
Model 
 
 
p 
 
 
R
2
 
Critical 
y or 
Plateau 
Critical Soil 
NO3–N 
mg kg
-1 
Lower 
95% CL 
mg kg
-1 
Upper 
95% CL 
mg kg
-1 
Kentucky bluegrass 
C-N CM 1000 <0.0001 0.157 0.938 3.8 3.7 4.0 
LRP CM 1000 <0.0001 0.193 0.996 12.2 9.8 14.7 
QRP CM 1000 <0.0001 0.199 0.991 16.9 12.5 21.3 
       
C-N NDVI <0.0001 0.107 1.000 3.8 3.7 5.0 
LRP NDVI <0.0001 0.125 0.999 11.8 8.8 14.9 
QRP NDVI <0.0001 0.127 0.999 18.0 11.8 24.2 
       
C-N DMY <0.0001 0.081 1.037 3.7 2.9 4.2 
LRP DMY <0.0001 0.080 0.896 8.4 5.7 11.1 
QRP DMY <0.0001 0.079 0.911 15.6 8.3 22.9 
       
C-N CTN <0.0001 0.218 0.959 3.7 3.6 4.4 
LRP CTN <0.0001 0.258 1.020 12.1 10.0 14.2 
QRP CTN <0.0001 0.265 1.020 17.5 13.5 21.6 
       
C-N CNUP <0.0001 0.169 0.919 3.7 3.3 4.4 
LRP CNUP <0.0001 0.201 0.993 13.3 10.6 16.1 
QRP CNUP <0.0001 0.204 0.989 19.4 14.1 24.7 
       
C-N Shoot Counts 0.0028 0.149 0.742 4.8 3.9 5.8 
LRP Shoot Counts 0.0040 0.132 0.854 6.2 3.2 9.1 
QRP Shoot Counts 0.0033 0.136 0.869 10.4 1.6 19.2 
 
Tall fescue 
C-N CM 1000 <0.0001 0.171 0.909 2.7 2.5 3.5 
LRP CM 1000 <0.0001 0.206 0.990 6.4 5.3 7.5 
QRP CM 1000 <0.0001 0.207 0.997 10.1 7.5 12.7 
       
C-N NDVI <0.0001 0.165 0.990 2.7 2.5 2.9 
LRP NDVI <0.0001 0.201 0.998 5.4 4.5 6.3 
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QRP NDVI <0.0001 0.204 0.999 8.4 6.3 10.5 
       
C-N DMY <0.0001 0.078 0.976 2.5 2.1 2.9 
LRP DMY <0.0001 0.072 0.903 4.1 2.8 5.4 
QRP DMY <0.0001 0.069 0.913 7.5 3.9 11.1 
       
C-N CTN <0.0001 0.210 0.917 3.5 2.7 3.8 
LRP CTN <0.0001 0.245 0.948 5.6 4.7 6.5 
QRP CTN <0.0001 0.247 0.967 10.1 7.7 12.4 
       
C-N CNUP <0.0001 0.202 0.850 2.9 2.5 3.5 
LRP CNUP <0.0001 0.235 0.930 5.3 4.5 6.2 
QRP CNUP <0.0001 0.238 0.968 9.8 7.5 12.2 
       
C-N Shoot Counts <0.0001 0.305 0.808 2.8 2.4 3.2 
LRP Shoot Counts <0.0001 0.333 0.905 5.9 3.9 7.9 
QRP Shoot Counts <0.0001 0.326 0.898 8.1 4.0 12.1 
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Table 2.3. Model parameters for monthly relationships of relative CM 1000 measurements as a 
function of soil NO3–N generated with linear-response plateau (LRP) and quadratic-response 
plateau (QRP) models for Kentucky bluegrass with data pooled across three years (2007-2009). 
Probability values (p), coefficient of determination (R
2
), plateau values, critical values of soil 
NO3–N concentration to optimize turfgrass response, and approximate 95% confidence limits 
(CL) of the critical soil NO3–N values are included (n = 162 for each model). 
 
 
Model 
 
 
p 
 
 
R
2
 
 
 
Plateau 
Critical Soil 
NO3–N 
mg kg
-1 
Lower 
95% CL 
mg kg
-1 
Upper 
95% CL 
mg kg
-1 
May 
LRP CM 1000 0.0332 0.083 0.982 9.0 0.0 20.7 
QRP CM 1000 NA† NA NA NA NA NA 
June 
LRP CM 1000 <0.0001 0.176 1.040 7.8 3.7 12.0 
QRP CM 1000 <0.0001 0.181 1.030 11.3 3.2 19.4 
July 
LRP CM 1000 <0.0001 0.192 0.997 12.4 5.9 18.8 
QRP CM 1000 <0.0001 0.199 1.000 18.8 6.2 31.3 
August 
LRP CM 1000 <0.0001 0.095 0.960 16.6 3.7 29.6 
QRP CM 1000 NA NA NA NA NA NA 
September 
LRP CM1000 <0.0001 0.323 0.990 6.6 4.7 8.4 
QRP CM1000 <0.0001 0.320 1.016 14.2 7.4 21.1 
October 
LRP CM 1000 <0.0001 0.215 0.999 17.4 10.0 24.7 
QRP CM 1000 <0.0001 0.210 1.005 30.0 12.8 47.2 
†NA = model not applicable 
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Table 2.4. Critical levels (CL) and error rates for Cate-Nelson models and Cate-Nelson models with critical levels obtained from the linear-response plateau (LRP) and quadratic-response plateau 
(QRP) models for relative color (CM 1000 and NDVI), clippings total N concentrations (CTN), clippings dry matter yields (DMY), clippings total N uptake (CNUP), and shoot count measurements, 
with associated coefficients of determination (R2) and probability values (P) for Kentucky bluegrass and tall fescue lawns. 
 Cate-Nelson model  Cate-Nelson model with LRP critical level  Cate-Nelson model with QRP critical level 
 
 
Variable 
 
 
CL 
Error 
I 
% 
Error 
II 
% 
Total 
error 
% 
 
 
R2 
 
 
P 
  
 
CL 
Error 
I 
% 
Error 
II 
% 
Total 
error 
% 
 
 
R2 
 
 
P 
  
 
CL 
Error I 
% 
Error 
II 
% 
Total 
error 
% 
 
 
R2 
 
 
P 
Kentucky bluegrass 
CM 1000 3.8 11.8 15.7 27.5 0.157 <0.0001  12.2 22.8 2.5 25.3 0.113 <0.0001  16.9 24.5 2.2 26.7 0.086 <0.0001 
NDVI 3.8 5.3 21.0 26.3 0.107 <0.0001  11.8 14.0 4.1 18.1 0.073 <0.0001  18.0 15.7 3.3 19.0 0.054 <0.0001 
CTN 3.7 9.0 12.6 21.6 0.218 <0.0001  12.1 19.4 1.0 20.4 0.154 <0.0001  17.5 21.4 0.6 22.0 0.126 <0.0001 
DMY 3.7 3.3 25.2 28.5 0.081 <0.0001  8.4 6.8 11.9 18.7 0.048 <0.0001  15.6 8.2 6.2 14.4 0.031 <0.0001 
CNUP 3.7 9.4 17.5 26.9 0.169 <0.0001  13.3 17.8 3.2 21.0 0.119 <0.0001  19.4 19.3 2.4 21.7 0.093 <0.0001 
Shoots 4.8 24.7 6.2 30.9 0.149 0.0028  6.2 37.0 3.7 40.7 0.072 0.0157  10.4 43.2 0.0 43.2 0.063 0.0236 
                     
Tall fescue 
CM 1000 2.7 16.7 10.9 27.6 0.171 <0.0001  6.4 31.3 1.6 32.9 0.100 <0.0001  10.1 35.8 0.6 36.4 0.064 <0.0001 
NDVI 2.7 13.1 14.3 27.4 0.165 <0.0001  5.4 24.3 3.5 27.8 0.099 <0.0001  8.4 29.5 1.8 31.3 0.063 <0.0001 
CTN 3.5 12.6 9.3 21.9 0.210 <0.0001  5.6 19.5 3.7 23.2 0.134 <0.0001  10.1 24.8 1.0 25.8 0.098 <0.0001 
DMY 2.5 9.3 24.3 33.6 0.078 <0.0001  4.1 13.5 14.8 28.3 0.044 <0.0001  7.5 17.9 6.8 24.7 0.021 <0.0001 
CNUP 2.9 12.4 12.4 24.8 0.202 <0.0001  5.3 20.6 4.5 25.1 0.123 <0.0001  9.8 25.7 1.2 26.9 0.087 <0.0001 
Shoots 2.8 4.9 21.0 25.9 0.305 <0.0001  5.9 27.2 2.5 29.7 0.159 0.0002  8.1 32.1 2.5 34.6 0.081 0.0109 
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Fig. 2.1. Boxplots of biweekly soil NO3–N concentrations for each N rate pooled across the 
growing seasons of 2007, 2008, and 2009 for Kentucky bluegrass (panel A) and tall fescue 
(panel B). Solid lines in the boxes indicate the median and dotted lines the mean. Boxes with 
same letters within species are not significantly different (α = 0.05) according to Dunn’s test for 
nonparametric comparison. 
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Fig. 2.2. Biweekly soil NO3–N concentrations for each N rate across the growing seasons of 
2007, 2008, and 2009 for Kentucky bluegrass (left panels) and tall fescue (right panels). There 
are three replicates for each individual sampling date. 
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Fig. 2.3. Relative CM 1000, NDVI, clippings yield, total N concentration in the clippings, and 
clippings total N uptake, pooled across three years (2007, 2008, 2009) from May through 
October or early November, for Kentucky bluegrass (panels A, C, E, G, and I, respectively) and 
tall fescue (panels B, D, F, H, and J, respectively) lawns as a function of soil NO3–N 
concentrations. Relative November shoot counts, pooled across three years (2007, 2008, 2009), 
for Kentucky bluegrass (panel K) and tall fescue (panel L) lawns as a function of mean Sept.-Oct. 
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soil NO3–N concentrations. Vertical lines to the x-axis in the plots indicate the critical 
concentrations of soil NO3–N as determined by Cate-Nelson (C-N), linear-response plateau 
(LRP), and quadratic-response plateau (QRP) models. The horizontal line to the y-axis in the 
plots indicates the Cate-Nelson critical y that will minimize the total error. Observations in the 
upper left quadrant of the intersecting vertical and horizontal lines represent Error I (greater than 
expected response at concentrations less than the critical level), and observations in the lower 
right quadrant of the intersecting vertical and horizontal lines represent Error II (lower than 
expected response at concentrations greater than the critical level). 
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Fig. 2.4. Probability curves of relative NDVI response at the plateau (relative NDVI = 1.0), 97% 
of the plateau (relative NDVI = 0.97), 95% of the plateau (relative NDVI = 0.95), and absolute 
NDVI response, as a function of soil NO3-N concentrations within the critical value ranges 
suggested by Cate-Nelson, linear-response plateau, and quadratic-response plateau models for 
Kentucky bluegrass (panel A) and tall fescue (panel B). Absolute NDVI value of 0.705 for 
Kentucky bluegrass and 0.670 for tall fescue are the mean absolute NDVI values for the 10 to 20 
kg N ha
-1
 mo
-1
 treatments across 3-yrs. 
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Fig. 2.5. Mean monthly (May through October) soil NO3–N concentrations across Kentucky 
bluegrass and tall fescue lawns fertilized at 300, 450 and 600 kg N ha
-1
 yr
-1
 as affected by 
monthly precipitation amounts across three yrs (2007, 2008, and 2009). 
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III. Turfgrass Growth and Color Correlated to Spring Illinois Soil N Test 
and Soil Permanganate-Oxidizable Carbon Concentrations 
 
3.1 ABSTRACT 
The Illinois soil N test (ISNT) and soil permanganate-oxidizable C (POXC) concentrations have 
been used to estimate mineralization potential of agricultural soils, assess soil quality, distinguish 
differences between crop management treatments, and to predict crop response to N fertilization. 
However, it is not known if these measures are correlated to growth and color quality responses 
of cool-season turfgrasses. This study was conducted across five yrs (2008-2012) in Connecticut, 
USA to determine if a single spring measurement of ISNT-N and POXC concentrations could be 
used to estimate color and growth responses of Kentucky bluegrass (Poa pratensis L.) and tall 
fescue (Festuca arundinacea Schreb.) lawns. Randomized complete block field experiments 
were set out on the two species with varying rates of an organic fertilizer. Soil samples were 
collected in early May of each year and analyzed for concentrations of ISNT-N and POXC. 
Turfgrass color, clippings yield, clippings total N concentration, and clippings total N uptake 
were measured from May through October. Turfgrass responses showed consistent positive 
linear responses (p<0.05) as a function of ISNT-N and POXC. Across species and years, ISNT-N 
and POXC were generally greater under tall fescue than under Kentucky bluegrass. A single 
spring measurement of soil ISNT-N and POXC shows promise in categorizing Kentucky 
bluegrass and tall fescues lawns as to their likelihood of N fertilization response. The data 
suggest a low probability of meaningful Kentucky bluegrass and tall fescues lawn responses to N 
fertilization when spring ISNT-N and POXC concentrations exceed 250 mg kg
-1 
and 1300 mg 
kg
-1
, respectively. 
 
Abbreviations: ISNT, Illinois soil nitrogen test; KBG, Kentucky bluegrass; NDVI, normalized 
difference vegetative index; POXC, permanganate-oxidizable carbon; TF, tall fescue 
 
3.2 INTRODUCTION 
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The Illinois Soil N Test (ISNT) was developed as a rapid chemical test to estimate soil 
mineralization potential to guide N fertilizer recommendations (Mulvaney et al., 2001). When 
developed, it was not known whether the ISNT detected a particular class of soil organic N 
compounds or a constant fraction of soil organic N. The presumption was that the test measured 
a fraction of the labile N in soil organic matter that was readily mineralizable and capable of 
providing plant-available N during the growing season. It was hypothesized that this N fraction 
would have the capacity to guide N fertilization. Recent findings suggest that the effectiveness of 
the ISNT for estimating crop N response is due largely to its ability to quantify soil amino-sugar 
N fractions, which are the principal N-containing components of microbial cell walls (Kwon et 
al., 2009). The ISNT will also measure ammonium (Khan et al., 2001), and detects some amide-
N (Kwon et al., 2009). 
The ISNT has been reported to estimate the N fertilizer responsiveness of maize (Zea mays L.) 
(Khan et al., 2001; Klapwyk and Ketterings, 2006; Ruffo et al., 2006; Mulvaney et al., 2001, 
2006; Williams et al., 2007; Lawrence et al., 2009), and to provide a reliable index of soil 
mineralizable N (Sharifi et al., 2007). However, in other studies, the ISNT was no more effective 
at predicting yield than total soil N in maize plots (Spargo et al., 2007) and soil nitrate-N in 
wheat (Triticum aestivum L.) plots (Steckler et al., 2008), or was not effective in estimating 
maize responses (Barker et al., 2006; Laboski et al., 2008; Osterhaus et al., 2008; Sawyer and 
Barker, 2011). It has been suggested that where the ISNT alone is not a good predictor of maize 
N fertilizer responsiveness, the use of soil organic matter as a covariate in the statistical model 
greatly improves the ability of the test to separate responsive from non-responsive sites 
(Klapwyk and Ketterings, 2006; Lawrence et al., 2009). 
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To date, there are few reports of using the ISNT in turfgrass systems. In Minnesota, residential 
lawns (Bender et al., 2006) and two fairways within different golf courses (Gardner et al., 2008) 
were sampled and then analyzed for concentrations of amino-sugar N. However, neither of these 
studies reported on whether or not amino-sugar N, as measured by the ISNT, was a reliable 
predictor of turfgrass growth and/or quality. 
Soil organic C pools have been linked to beneficial traits of soil quality and crop productivity 
measurements, and the role of the active pool in crop response and soil quality has received 
considerable attention recently due to the advent of rapid chemical tests used to quantify this 
fraction. An oxidation procedure using 0.333 M potassium permanganate (KMnO4) has been 
reported to react with the labile pool of soil organic C (Lefroy et al., 1993; Blair et al., 1995). 
However, more dilute concentrations of KMnO4 (0.06 M or less) yield better estimates of the 
active C pool and better correlations with other soil physical and chemical properties (Sheng and 
Tiessen, 1997; Bell et al., 1998; Weil et al., 2003; Dell, 2009).  
Because of the confusion associated with the naming of the soil-C pool oxidized with KMnO4 
(interchangeably called active C, chemically-labile C, readily-oxidizable C, etc.), permanganate-
oxidizable carbon (POXC) has been proposed as a unifying and more exact name for the soil C 
fraction measured by this procedure (Culman et al., 2012). Soil POXC is highly correlated with 
soil microbial activity (respiration and biomass), particulate organic C, total organic C, total 
organic matter, and aggregate stability (Stine and Weil, 2002; Wang et al. 2003; Weil et al., 
2003; Wuest et al., 2006; Mirsky et al., 2008; Jokela et al., 2009; Culman et al., 2010; Culman et 
al., 2012; Lucas and Weil, 2012). The specific fractions of soil C most closely related to POXC 
are the smaller-sized (53–250 µm) and heavier (>1.7 g cm-3) particulate organic C forms, 
 64 
suggesting that it measures a more processed, stabilized pool of labile soil C (Culman et al., 
2012).  
Permanganate-oxidizable C has the ability to identify and track soil C changes in response to 
management practices when total organic matter or C, particulate organic C, or microbial 
biomass C measurements were not as sensitive or not strongly related to management practices 
(Weil et al., 2003; Mirsky et al., 2008; Jokela et al., 2009; Culman et al., 2012). Across soils 
from 53 different sites in the USA (NY, MD, IL, PA, KS, MI, GA, and CA), POXC was linearly 
associated with particulate organic C, microbial biomass C, and soil organic C. This suggests 
that POXC may be a particularly useful indicator for characterizing soil quality and management 
responses across varying soil textural gradients, ecosystems, or geographic areas (Culman et al., 
2012). Although POXC has been identified as a soil-C fraction that can assess soil quality 
changes attributable to varying inputs, there are fewer studies directly correlating agronomic 
crop response to soil POXC concentrations (Stine and Weil, 2002; Lucas and Weil, 2012; Spargo 
et al., 2011; Culman et al., 2013).  
In turfgrass soils, measurement of ISNT-N and POXC could be especially useful in determining 
the N needs of turfgrass plants since organic matter is constantly being increased due to the 
seasonal growth and die-back of the root system and/or return of clippings, or from the addition 
of organic amendments such as composts and biosolids. The capacity to categorize a specific 
turfgrass site as responsive or non-responsive to N fertilization in relation to inherent 
mineralization potentials would be a major improvement to the current state of lawn fertilization 
recommendations where set rates (usually 49 kg ha
-1
) are applied two to four times or more 
across the growing season without accounting for inherent N-supplying capacity of the soil at the 
site. 
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Since there are few reports on the relationship between turfgrass quality and growth responses to 
ISNT-N and soil POXC, this study was conducted to investigate if any association exists 
between these variables. The specific objectives of this study were to determine if turfgrass 
color, clippings yield, clippings total N concentrations, and clippings N uptake for Kentucky 
bluegrass and tall fescue lawns could be estimated by a single spring measurement of ISNT-N 
and soil POXC concentrations. A further objective was to determine the probability of turfgrass 
response to N fertilization in relation to spring concentrations of ISNT-N and soil POXC.  
3.3 MATERIALS AND METHODS 
Field Plot Management and Measurements 
This field experiment was conducted at the University of Connecticut’s Department of Plant 
Science and Landscape Architecture Research and Education Facility, located in Storrs, CT, 
USA (41° 47' N; 72° 13' W; elevation 203 m) across five consecutive growing seasons (2008 
through 2012). In September 2007, Kentucky bluegrass (Poa pratensis L. cv. ‘America’) and a 
turf-type tall fescue blend (Festuca arundinacea Schreb. cvs. ‘Shortstop II’, ‘Dynasty’, and 
‘Crossfire II’) lawns were established in separate, but adjacent (20-m apart), experiments on a 
Paxton fine sandy loam soil (coarse-loamy, mixed, active, mesic Oxyaquic Dystrudepts). The 
experiments were set out as randomized complete block designs with three replicates. Prior to 
seeding the grass species, Suståne [5-0.87-3.3 (N-P-K; 0.5% ammoniacal N, 0.5% water-soluble 
organic N, 4% water-insoluble organic N) fine grade, all natural; Suståne Natural Fertilizer, Inc., 
Cannon Falls, MN] was applied to 1 × 1 m plots at 23 rates (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 
100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 300, and 400 kg of readily available N ha
-
1
),
 
and mixed into the 0 to 15-cm soil profile on 3 Sept., 2007 with the intent to produce a wide 
range of ISNT-N and soil POXC concentrations. Four additional treatments were included in 
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each species consisting of N only from urea at 50, 100, 150, and 200 kg N ha
-1
, surface applied 
in 2008 through 2011; urea was not applied in 2012. Urea was applied in equal split applications 
in May, June, Sept., and Oct. These treatments were added so an equivalency response 
comparison could be made between the organic and synthetic N sources. Plots were mowed to a 
7.5-cm height twice a week or as needed depending on growth, and clippings were returned. 
Other than during establishment in September of 2007, no supplemental irrigation was applied. 
Pest control was applied as needed. In the late fall of 2008, 2009 and 2010, plots were solid-tined 
aerified and Suståne was applied again to the same plots using the same rates and brushed into 
the aerification holes on 19 Nov., 17 Nov., and 10 Nov., respectively. 
In early May of each year beginning in 2008, five soil samples were collected from each plot to a 
depth of 10 cm below the thatch layer using an 18-mm diameter soil probe. The soil subsamples 
from each plot were composited into a single sample, dried, sieved (<2mm), and analyzed for 
concentrations of ISNT-N and POXC following the procedures of Khan et al. (2001) and Weil et 
al. (2003), respectively. For the POXC method, 2.5 g of soil were reacted with 20 mL of slightly 
alkaline (pH 7.2) 0.02 M KMnO4 in 0.10 M CaCl2. A detailed protocol for the updated POXC 
method of Weil et al. (2003) can be found at: http://lter.kbs.msu.edu/protocols/133 (verified 14 
August, 2013). 
Reflectance (color) measurements were taken with the Spectrum FieldScout TCM 500 NDVI 
Turf Color meter (Spectrum Technologies, Inc., Aurora, IL, USA) on 60 dates during the 
experiment from 2008 through 2012 at approximately two-week intervals after spring soil 
sampling, and continued until the end of October or early November each year. Nine 
measurements were taken per plot and averaged for each date. All measurements were taken on 
dry days between 1100hr and 1400hr.  
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Clipping yield measurements were taken once a month from May through October each year, 
except for 2012 when five months were collected for Kentucky bluegrass and four months were 
collected for tall fescue due to weather-related reduced growth during the spring and early 
summer. Clipping samples were collected from a random 0.1m
2
 area in each plot with hand 
shears during the same day after NDVI measurements or one day later, then dried at 65°C for at 
least 48 h, weighed, ground to pass a 0.5mm sieve, and analyzed for concentrations of total N 
(combustion method as described in Bremner, 1996), using an Elementar CHNOS Combustion 
Analyzer (Elementar Americas, Inc. Mt. Laurel, NJ) for 2008-2010 samples, and a LECO 
TruMac CN Macro Determinator (LECO Corp., St. Joseph, MI, USA) for 2011 and 2012 
samples. Monthly clippings dry yield was summed across each growing season for each plot. 
The total mass of N obtained in the clippings from each harvest was summed across each 
growing season for each plot, then divided by the sum of clippings dry mass to obtain a yield-
weighted total N concentration. Clippings uptake of N was calculated based on clippings total N 
concentration multiplied by the clippings dry matter yield, then summed across each growing 
season for each plot.  
 
Statistical analysis 
Effect of species, organic fertilizer rate, and years on concentrations of ISNT-N and POXC were 
determined by using analysis of variance with the MIXED procedure in the Statistical Analysis 
Software (SAS) package version 9.3 (SAS Institute Inc., 2011). Since species were in separate 
areas, the block within species term was used to test overall differences between Kentucky 
bluegass and tall fescue in the model. Because multiple applications of organic fertilizer were 
made during the five-yr study, which could affect subsequent year measurements of ISNT-N and 
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POXC, years were treated as a repeated measure in the model. Differences between species 
within each year were tested with individual F-tests from the SLICE option in the MIXED 
procedure for significant (p<0.05) species × year interactions. Differences of the slopes for linear 
responses between species for ISNT-N and POXC concentrations across organic fertilizer rates 
for each year was determined by using an analysis of covariance model with the Type I sum of 
squares in the GLM procedure of SAS 9.3 (SAS Institute Inc., 2011). Correlation coefficients (r) 
between ISNT-N and POXC concentrations were obtained with the CORR procedure of SAS 9.3 
(SAS Institute Inc., 2012), as were correlations of NDVI with clippings yield, clippings total N 
concentration, and clippings N uptake. Tests of difference between correlation coefficients were 
computed following the Fisher r to z transformation (Zar, 1996, p. 380–382). When correlation 
coefficients were deemed not to be significantly different (p>0.05), a common weighted r-value 
was calculated (Zar, 1996, p. 380–382). The CORR procedure of SAS was used for these 
procedures following coding used in Example 2.4 ‘Applications of the Fisher’s z 
Transformation’ in the Base SAS 9.3 Statistical Procedures Guide (SAS Institute Inc., 2012, p. 
52–55). Significance of the linear regression model parameter coefficients and their respective 
coefficients of determination (r
2
) for mean NDVI, clippings yield-weighted total N 
concentration, sum of the clippings yield, and sum of the clippings total N uptake across each 
growing season regressed against the spring ISNT-N and POXC concentrations were obtained 
with the REG procedure of SAS 9.3 (SAS Institute Inc., 2011). Logistic curves of binary 
responses for the probabilities of NDVI reading at <0.700 in relation to ISNT-N and POXC 
concentrations were determined with linear logistic models (a + bx = {ln[π/(1–π)]}, where π is 
the probability of NDVI readings being <0.700) using the LOGISTIC procedure of SAS 9.3 
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(SAS Institute Inc., 2011). All models passed the Hosmer–Lemeshow Goodness-of-Fit test (p > 
0.05), indicating a good fit of the data to the model.  
 
3.4 RESULTS AND DISCUSSION 
Weather Data 
Monthly temperature and precipitation data for the 5-yr study, along with the 30-yr normal, are 
presented in Table 1. The average monthly temperatures during the period of active sampling 
(May-Oct.) were close to normal in 2008, slightly cooler than normal in 2009, and above normal 
in 2010, 2011, and 2012. Precipitation for the active sampling period was above normal by 7, 14, 
60, and 20% in 2008, 2009, 2011, and 2012 respectively. However the months before and during 
the beginning of the growing season in 2012 (Mar.-May) were especially dry. The dry spring in 
2012 had noticeable effects on turfgrass growth, which reduced the number of clipping 
samplings in that year. Some months had particularly high amounts of rainfall: September 2008, 
July 2009, March 2010, August 2011, and September 2012 (129, 95, 236, 253, and 104 mm 
above normal, respectively).  
 
Correlations between ISNT-N and POXC 
For every sampling year, ISNT-N and POXC were highly correlated (p<0.001) in the Kentucky 
bluegrass plots, whereas significant (p<0.0001) correlations were observed beginning in 2009 
and continued for every following year in tall fescue (Table 2). For both species, the linear 
association between ISNT-N and POXC generally became stronger with each successive year (r 
= 0.436, 0.597, 0.661. 0.786, and 0.800 for Kentucky bluegrass; 0.124, 0.601, 0.782, 0.771, and 
0.810 for tall fescue, respectively from 2008 to 2012). Comparison of r-values between species 
indicated that the linear correlations between ISNT-N and POXC were significantly different 
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(p<0.05) only for the 2008 sampling (0.436 vs. 0.124). Thereafter, correlation coefficients 
between the species for each succeeding year were deemed to be homogeneous (p>0.05), and a 
common weighted r-value was computed that would describe the linear correlation between 
ISNT-N and POXC across both species (Table 2). The weighted r-values indicated an 
increasingly stronger relationship between ISNT-N and POXC from 2009 through 2012 (r = 
0.599, 0.727, 0.779, and 0.805, respectively). 
Evidence in the literature suggests that POXC is highly correlated to soil organic matter, organic 
C, particulate organic C, and microbial activity (Stine and Weil, 2002; Weil et al., 2003; Wuest 
et al., 2006; Mirsky et al., 2008; Jokela et al., 2009; Culman et al., 2010; Culman et al., 2012; 
Lucas and Weil, 2012). Since the ISNT primarily measures amino-sugar N forms of bacterial 
origin (Kwon et al., 2009), which is highly correlated to soil organic matter (Khan et al., 2001; 
Klapwyk and Ketterings, 2006; Ruffo et al., 2006; Mulvaney et al. 2001, 2006; Sharifi et al., 
2007; Williams et al., 2007; Lawrence et al., 2009), it is logical that ISNT-N and POXC would 
be highly correlated to each other as well. We suspect that most or part of the amino-sugar N 
fraction of ISNT-N is also measured by POXC.  
With fertilized perennial cool-season turfgrasses, soil microbial activity would also be expected 
to be high (Shi et al., 2006), theoretically resulting in increasing ISNT-N and/or POXC 
concentrations under optimal conditions across years of input. Under regular fertilization, the 
microbial populations of grasslands tend to shift more toward bacterial dominance (Grayston et 
al., 2004), which should result in greater ISNT-N concentrations associated with the soil 
bacterial biomass (Kwon et al., 2009). Across organic fertilizer rates in our study, ISNT-N 
ranged from 113 to 305 mg kg
-1 
for Kentucky bluegrass with a mean of 187 mg kg
-1
, and from 
112 to 368 mg kg
-1 
in tall fescue, with a mean of 206 mg kg
-1
.
 
Concentrations of POXC across 
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organic fertilizer rates ranged from 778 to 1334 mg kg
-1 
for Kentucky bluegrass with a mean of 
1063 mg kg
-1
, and from 855 to 1552 mg kg
-1 
in tall fescue, with a mean of 1158 mg kg
-1
. 
In Minnesota, concentrations of amino-sugar N exceeded 225 mg kg
-1
 in nearly all soil samples 
collected from 75 residential lawns (Bender et al., 2006), and mean concentrations of amino-
sugar N on four golf course fairways were >325 mg kg
-1 
(Gardner et al., 2008). These values 
would be within or exceed the critical range of ISNT-N concentrations where maize yields would 
be unlikely to respond to N fertilization (Khan et al., 2001). Our ranges of ISNT-N 
concentrations were less than those reported on golf course fairways in Minnesota (Gardner et 
al., 2008), and our mean concentrations are less than mean of 75 Minnesota residential properties 
(Bender et al., 2006). It’s possible that the Minnesota lawns were older stands than our plots 
(established in fall 2007) with a longer fertilization history, and this may have resulted in greater 
soil organic matter accumulation in those lawns compared with ours, and thereby greater ISNT-
N concentrations. The golf course fairways in Gardner et al. (2008) were 8 and 75 years older 
than our established lawns, and situated on dark, muck soils (Gardner, 2013 personal commun.).  
This most likely resulted in higher initial organic matter concentrations than our soils, leading to 
higher ISNT-N concentrations compared with our site.  
The concentrations of POXC in our study exceeded that reported for native grasslands in the 0 to 
10-cm soil profile depth (464 mg kg
-1
) in Kansas (Culman et al., 2010), whereas POXC 
concentrations (551 to 1217 mg kg
-1
) under perennial cool-season grass conservation areas (2 to 
73 year-old stands) in Oregon (Wuest et al., 2006; Wuest, 2013 personal commun.) were similar 
to our results.  
 
Effect of Species, Rates, and Years on ISNT-N and POXC Concentrations 
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For both ISNT-N and POXC, significant (p<0.05) effects were observed for species, organic 
fertilizer rates, years, and all interactions that included years (Table 3). Across all treatment 
effects, mean ISNT-N and POXC concentrations were always greater for tall fescue (206 and 
1158 mg kg
-1
, respectively) than for Kentucky bluegrass (187 and 1063 mg kg
-1
, respectively), 
and concentrations for both variables generally increased with years (mean ISNT-N = 155 to 215 
mg kg
-1 
for Kentucky bluegrass, and 178 to 235 mg kg
-1 
for tall fescue, respectively from 2008 to 
2012; mean POXC = 871 to 1108 mg kg
-1 
for Kentucky bluegrass, and 967 to 1298 mg kg
-1 
for 
tall fescue, respectively from 2008 to 2012). However, significant species × year interactions 
indicated that the magnitude of this difference was dependent upon year (Fig. 1). Greatest mean 
differences between species were seen in 2011 for ISNT-N (25 mg kg
-1
), and in 2012 for POXC 
(190 mg kg
-1
). Significant species × organic fertilizer rate × year interactions were present for 
both ISNT-N and POXC concentrations (Table 3). Linear trends across organic fertilizer rates 
were seen for both species, but the slopes of the responses varied across the years (Fig. 2). Slopes 
between Kentucky bluegrass and tall fescue differed in two of the five years for ISNT-N (0.256 
for tall fescue vs. 0.175 for Kentucky bluegrass in 2009, and 0.291 for tall fescue vs. 0.217 for 
Kentucky bluegrass in 2011), and in three of the five years for POXC (-0.163 for tall fescue vs. 
0.178 for Kentucky bluegrass in 2008, 0.372 for tall fescue vs. 0.673 for Kentucky bluegrass in 
2011, and 0.814 for tall fescue vs. 0.593 for Kentucky bluegrass in 2012). The slope difference 
between species, however, was not consistent for years; only in 2011 was a significant slope 
difference between species seen for both ISNT-N and POXC. Greatest slope differences between 
species were observed in 2009 for ISNT-N (slope difference = 0.0813), and in 2008 for POXC 
(slope difference = 0.3416). 
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It has been generally observed that tall fescue requires less N than Kentucky bluegrass to 
produce acceptable turfgrass quality (Teuton et al., 2007; Walker et al., 2007). The mechanism 
behind this observation, however, has not been definitively ascertained. Perhaps part of this 
difference is due to greater amounts of ISNT-N and/or POXC released from microbial 
transformation of the labile organic matter in the tall fescue rhizosphere than in the Kentucky 
bluegrass rhizosphere. It is possible that soil microbial activity in the rhizosphere is different 
under tall fescue than under Kentucky bluegrass, leading to greater mineralization of the more 
labile forms of organic matter in the tall fescue rhizosphere. Although we could not find any 
direct comparisons of rhizosphere microbial activity between Kentucky bluegrass and tall fescue 
contained in the literature, there are reports that show differences in soil microbial activity 
between varying species of cool-season grasses in temperate, upland grasslands in the UK 
(Grayston et al., 2004). However, differences in soil types may have a greater effect on microbial 
activity than differences in grass species (Singh et al., 2007). 
We did not measure ISNT-N and POXC concentrations before organic fertilizer application, so 
there could be inherent site differences between species. However, we feel this is unlikely since 
the Kentucky bluegrass and tall fescue plots were only 20 meters apart in the same field with the 
same soil type that had been under the same management and vegetation (low-maintenance 
turfgrass) for at least 10 yrs before our study. Our results suggests that mineralization of the 
organic fertilizer that is measured by ISNT and POXC in our plots may be occurring at greater 
rates with tall fescue than with Kentucky bluegrass, and perhaps related to rhizosphere activity 
differences. An increase in rhizosphere biota activity, fuelled by soluble C from root exudates, 
can lead to a plant-inducing priming effect of faster turnover of soil organic matter and 
mineralization of N (Paterson et al., 2008). Further research on rhizosphere activity differences 
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between turfgrass species is warranted to determine if the activity is correlated to decomposition 
rates of labile soil C and N fractions. 
 
Relationship between Turfgrass Color and Growth Responses to Spring ISNT-N and 
POXC Concentrations 
 
Turfgrass Color 
As an indicator of turfgrass color, NDVI readings were associated with ISNT-N and soil POXC 
concentrations for both species in a positive linear relationship (Fig. 3). The response was 
significant (p<0.05) in each species across all years, and the strength of the relationship generally 
increased with year (ISNT-N r
2
 = 0.352, 0.590, 0.664, 0.600, and 0.532 for Kentucky bluegrass, 
and 0.286, 0.535, 0.694, 0.448, and 0.608 for tall fescue, respectively from 2008 through 2012; 
POXC r
2
 = 0.212, 0.208, 0.441, 0.516, and 0.626 for Kentucky bluegrass, and 0.068, 0.389, 
0.462, 0.397, and 0.648 for tall fescue, respectively from 2008 through 2012). These data suggest 
that the color response of Kentucky bluegrass and tall fescue lawns, within the measured NDVI 
values which span the typical range for these turfgrass species (Bremer et al., 2011), can be 
estimated with a high degree of confidence with a single spring measurement of ISNT-N and/or 
soil POXC on the sandy-loam soil that we used in our experiments. We see no reason why ISNT 
and POXC measurements should not be able to predict turf response in a sand-based golf or 
athletic field system. However, we suspect that the responses that we present in our higher-cut 
lawn systems on a fine-sandy loam soil would be different than those obtained for a sand system 
under frequent irrigation and managed as low-cut golf or sports turf. 
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Clippings Yield 
The growth response of Kentucky bluegrass and tall fescue lawns, as measured by clippings 
yield, was positively related in a linear trend to ISNT-N and soil POXC concentrations (Fig. 4). 
Kentucky bluegrass growth was better correlated to ISNT-N and POXC in the earlier years (2008 
and 2009) beginning with organic fertilizer application than was tall fescue growth (ISNT-N r
2
 = 
0.436 and 0.548 for Kentucky bluegrass, and 0.198 and 0.168 for tall fescue, respectively from 
2008 and 2009; POXC r
2
 = 0.341 for Kentucky bluegrass, and 0.028 for tall fescue, respectively 
in 2008). However, for years 2010 through 2012 for ISNT-N and 2009 through 2012 for POXC, 
a similar explanation of the response variance (based on r
2
) was noted for both species growth 
(ISNT-N r
2
 = 0.634, 0.546, and 0.538 for Kentucky bluegrass, and 0.630, 0.341, and 0.524 for 
tall fescue, respectively from 2010, 2011, and 2012; POXC r
2
 = 0.239, 0.346, 0.362, and 0.601 
for Kentucky bluegrass, and 0.240, 0.363, 0.314, and 0.580 for tall fescue, respectively from 
2009, 2010, 2011, and 2012). The data suggest that spring measurement of ISNT-N and soil 
POXC concentrations would provide a good estimation of Kentucky bluegrass and tall fescue 
lawn growth potential. 
 
Clippings Total N Concentrations 
The tissue concentration of total N in the clippings of Kentucky bluegrass and tall fescue 
managed as lawns was positively related to spring soil concentrations of ISNT-N and POXC in a 
linear response (Fig. 5). The response was marginal in the first growing season in 2008 following 
a fall application in 2007 of the organic fertilizer, but increasingly stronger linear trends were 
generally observed in each successive year through 2012 growth (ISNT-N r
2
 = 0.385, 0.635, 
0.684, 0.606, and 0.303 for Kentucky bluegrass, and 0.380, 0.594, 0.757, 0.538, and 0.620 for 
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tall fescue, respectively from 2008 through 2012; POXC r
2
 = 0.255, 0.311, 0.441, 0.502, and 
0.414 for Kentucky bluegrass, and 0.002, 0.313, 0.502, 0.386, and 0.644 for tall fescue, 
respectively from 2008 through 2012). The results suggest that the spring ISNT-N and/or soil 
POXC concentrations can estimate the leaf tissue N response of Kentucky bluegrass and tall 
fescue lawns expected during the growing season. This could be useful in those situations where 
tissue tests are used to guide N fertilization to ensure that sufficient N is contained in the 
turfgrass to support optimum quality and growth goals. 
 
Clippings Total N Uptake 
The seasonal total uptake of N in the clippings was estimated with a reasonable degree of 
confidence by spring ISNT-N in all years and with soil POXC concentrations by 2009 through 
2012 (Fig. 6) (ISNT-N r
2
 = 0.474, 0.624, 0.684, 0.615, and 0.530 for Kentucky bluegrass, and 
0.353, 0.529, 0.733, 0.451, and 0.623 for tall fescue, respectively from 2008 through 2012; 
POXC r
2
 = 0.355, 0.302, 0.409, 0.425, and 0.644 for Kentucky bluegrass, and 0.006, 0.387, 
0.450, 0.374, and 0.651 for tall fescue, respectively from 2008 through 2012). No significant 
(p>0.05) linear fit of the data was observed for tall fescue clippings N uptake and POXC 
concentrations in 2008, but significant (p<0.05) linear trends were observed in every year after. 
The N uptake response of cool-season turfgrass reflects the acquisition of sufficient N to 
optimize growth and quality. A single spring measurement of ISNT-N and/or soil POXC was 
relatively good at estimating the clippings N uptake response in Kentucky bluegrass and tall 
fescue lawns for the following growing season. 
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Correlation of NDVI with Clippings Yield, Clippings Total N Concentrations, and 
Clippings Total N Uptake 
For both turfgrass species in every year, NDVI was significantly (p<0.0001) and positively 
correlated with clippings yield, clippings yield-weighted total N concentrations, and clippings N 
uptake (Table 4). Across years, Kentucky bluegrass r values ranged from 0.826 to 0.910, 0.746 
to 0.936, and 0.838 to 0.936; tall fescue r values ranged from 0.525 to 0.875, 0.859 to 0.945, and 
0.789 to 0.922 for clippings yield, clippings yield-weighted total N concentrations, and clippings 
N uptake, respectively. Correlation coefficient differences between species were observed for 
clippings yield in 2008 and 2009 (where r values were significantly greater for Kentucky 
bluegrass than for tall fescue, 0.826 vs. 0.525 in 2008; 0.893 vs. 0.534 in 2009) and in 2009 and 
2012 for clippings yield-weighted total N concentrations (where tall fescue was significantly 
greater than Kentucky bluegrass, 0.922 vs. 0.825 in 2009; 0.918 vs. 0.834 in 2012). Differences 
in 2008 and 2009 may reflect differences in establishment rates between these two species. 
However, in three of the five years, the linear correlation between NDVI with clippings yield and 
clippings yield-weighted total N concentrations were not different, and a common correlation 
coefficient could describe the liner association between these variables across species (r = 0.890, 
0.893, and 0.864 for clippings yield in 2010, 2011, and 2012, respectively; r = 0.810, 0.940, and 
0.936 for clippings yield-weighted total N concentrations in 2008, 2010, and 2011, respectively). 
Compared within each year, clippings N uptake was not different between turfgrass species and a 
common correlation of r = 0.815, 0.875, 0.925, 0.926, and 0.907 was computed for 2008 through 
2012, respectively. This suggested that a relatively easy and rapid measurement of NDVI for 
turfgrass color would also be associated with growth responses of Kentucky bluegrass and tall 
fescue lawns.  
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Likelihood of Kentucky Bluegrass and Tall Fescue Lawn Response to N Fertilization Based 
on ISNT-N and Soil POXC Concentrations 
Research in annual, agronomic crops has shown that the ISNT can be effective in determining 
responsiveness to N fertilization, especially when corrected for soil organic matter (Khan et al., 
2001; Klapwyk and Ketterings, 2006; Ruffo et al., 2006; Mulvaney et al. 2001, 2006; Sharifi et 
al., 2007; Williams et al., 2007; Lawrence et al., 2009). Additional, but limited, research has 
suggested that crop response can be estimated by soil POXC concentrations (Stine and Weil, 
2002; Lucas and Weil, 2012; Spargo et al., 2011; Culman et al., 2013). All previous research in 
estimating plant response to ISNT-N and/or soil POXC concentrations has been conducted on 
annual crops under cultivation. Our data suggest that ISNT-N and POXC may have promise as a 
means to identify perennial cool-season turfgrass sites as to their responsiveness to N 
fertilization. 
Concentrations of ISNT-N and POXC should be able to identify sites with a high probability of 
responding to N fertilization. These can then be separated from sites with a moderate or low 
probability of responding to N fertilization. The urea-only plots provide a convenient way to 
calculate a critical concentration for ISNT-N and POXC by using the turfgrass responses to the 
four rates of urea (50, 100, 150, and 200 kg N ha
-1
 yr
-1
). These urea rates encompass the typical 
seasonal N loading amounts for cool-season turfgrass lawns in our climate; N rates above 200 kg 
N ha
-1
 yr
-1
 would not be recommended for established lawns. Since NDVI was highly correlated 
to the other variables in the study (clippings yields, clippings yield-weighted total N 
concentrations, and clippings N uptake; Table 4), this measure is used to represent the overall 
turfgrass color and growth responses to urea as the N source, and to estimate the equivalent 
organic fertilizer ISNT-N and POXC concentrations that would produce those responses. 
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Turfgrass color as measured by NDVI was affected by urea treatments, and the NDVI response 
to urea was similar for both species as indicated by a lack of significant effects attributable to 
species, and species × N rate or year × species × N rate interactions (p>0.05) (Table 5). Across 
all years when urea was applied (2008-2011), mean NDVI readings from the 50 and 100 kg N 
ha
-1
 treatments were not significantly different from one another (0.687 vs. 0.692); mean NDVI 
readings from the 150 and 200 kg N ha
-1
 treatments were not significantly different from one 
another (0.707 vs. 0.710), but significantly greater than the 50 and 100 kg N ha
-1
 treatments; and 
all were significantly greater than the 0 kg N ha
-1
 control treatment mean NDVI (0.664) (Table 
6). This breakdown of responses related to urea N rate suggested a delineation of likelihoods of 
turfgrass response to N fertilization at our site into three categories: high likelihood of response 
to additional available N for rates less than 50 kg N ha
-1
; moderate likelihood of response to 
additional available N for rates between 50 and less than 150 kg N ha
-1
; and a lower likelihood of 
response to additional available N for rates between 150 and 200 kg N ha
-1
 or above. We were 
able to extrapolate these responses into equivalent ISNT-N and soil POXC concentrations that 
would be expected from the organic fertilizer addition by applying the linear regression 
equations presented in Fig. 3 with the mean NDVI values measured from the urea plots (Table 
6).  
The urea mean NDVI response across years and species for the 150 and 200 kg N ha
-1
 treatments 
suggested that if NDVI was ≥0.700 (as measured by the TCM 500 NDVI Turf Color meter), it 
would be unlikely that any further addition of available N would result in any meaningful 
turfgrass response (Table 6). Since 150 to 200 kg N ha
-1
 is generally the maximum amount of N 
applied on established lawns in our climate, any further increase in turfgrass response past those 
rates would be marginal at best. Using the urea mean NDVI response and estimating the 
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equivalent ISNT-N and POXC concentrations that would be found with organic fertilizer 
applications, we delineated the following values for ISNT-N and POXC to categorize Kentucky 
bluegrass and tall fescue turfgrass lawns as to their responsiveness to N fertilization: less than 
200 mg ISNT-N kg
-1
 and 1100 mg POXC kg
-1 – response likely (greater than 33% chance of 
response for ISNT-N and greater than 46% chance for POXC); between 200 to 250 mg ISNT-N 
kg
-1
 and 1100 to 1300 mg POXC kg
-1 – response somewhat likely (3 to 33% chance of response 
for ISNT-N and 2 to 46% chance for POXC); greater than 250 mg ISNT-N kg
-1
 and 1300 mg 
POXC kg
-1 – meaningful response highly unlikely (<3% chance of response for ISNT-N and 
<2% chance for POXC). 
Probability plots generated with logistic regression for a binary NDVI reading of being < or 
≥0.700 (using this NDVI cutoff obtained from the urea 150 and 200 kg N ha-1 treatments) 
supports these categories and delineation of ISNT-N and POXC concentrations with expected 
response to N fertilization (Fig. 7, Table 7). The probability of Kentucky bluegrass 
responsiveness to N fertilization tended to be less than tall fescue at the mid-range of the ISNT-N 
and POXC concentrations (for ISNT-N at 200 mg kg
-1
, P = 0.26 for Kentucky bluegrass and 0.42 
for tall fescue; for POXC at 1075 mg kg
-1
, P = 0.42 for Kentucky bluegrass and 0.83 for tall 
fescue), but both species had similar low probabilities of response to N fertilization (P < 3%) to 
obtain an NDVI of ≥0.700 once concentrations of ISNT-N and POXC approached or exceeded 
250 and 1300 mg kg
-1
, respectively. The combined response across both species would most 
likely represent the general response of the majority of cool-season lawns in our climate since 
Kentucky bluegrass represents a turfgrass species with generally higher N requirement, and tall 
fescue represents a turfgrass species with generally moderate to lower N requirement. 
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The high probability of turfgrass response to N fertilization when ISNT-N was <200 mg kg
-1
 and 
the low probability of turfgrass response when ISNT-N approached or exceeded 250 kg
-1
 is 
exactly the ISNT-N concentration identified as the change-point that separated maize response as 
likely or unlikely across 75 site-years in Illinois (Mulvaney et al., 2001). Our ISNT-N 
concentrations for responsive or non-response turfgrass to N fertilization also were similar to the 
lack of maize response to N fertilization with ISNT-N concentrations of 225 to 235 mg kg
-1
 
(Khan et al., 2001), 230 mg kg
-1
 (Mulvaney et al., 2006), and 228 mg kg
-1
 when corrected for 
soil organic matter (Klapwyk and Ketterings, 2006). But, our values were slightly higher than the 
ISNT-N change-point concentration of 206 mg kg
-1
 that delineated response and non-responsive 
wheat yields in Saskatchewan. (Steckler et al., 2008).These results suggest that the ISNT has the 
ability to estimate crop response in both annual and perennial cropping systems, and are 
remarkably similar with respect to the ISNT-N critical value that optimizes plant response. 
The ability to categorize cool-season turfgrass lawns as to their expected responsiveness to N 
fertilization is a significant step forward in guiding turfgrass N management. Currently, most 
fertilized cool-season lawns in temperate climates receive N according to subjective historic rates 
and practices (usually 49 kg N ha
-1
) applied two to four or more times during a growing season, 
while ignoring inherent N mineralization potentials. In contrast, the ISNT and soil POXC test 
taken in the spring represent objective approaches that may be better able to determine the site-
specific N needs of Kentucky bluegrass or tall fescue lawns in cool-temperate climates by 
accounting for mineralization potential of the existing soil organic matter at any particular site. 
These tests should reduce the likelihood of excessive N fertilization as well as reduce the 
negative economic and environmental consequences with applying too much N. The current set-
rates at set-dates practice of N recommendations for cool-season grasses, applied universally 
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across different turfgrass sites, can lead to N losses resulting in negative environmental impacts, 
particularly with older, established turfgrass stands (Frank et al., 2006). We suspect that our 
proposed category ranges for response to N fertilization could also be applied to most other cool-
season lawns in our climate with favorable outcomes. But, this would need to be validated with 
further research. 
Although we estimated the likelihood of a turfgrass seasonal response to ISNT-N and POXC 
concentrations in a single spring soil sample, the mineralization potential of soil organic matter 
during the growing season would depend upon optimal conditions being present for 
mineralization: adequate but not excessive moisture, favorable soil temperatures, adequate 
aeration and pore space, amenable soil pH range, and abundance of appropriate microbial 
populations. Temporal variations in POXC (Culman et al., 2013) and ISNT-N (Barker et al., 
2006; Klapwyk et al., 2006; Wall et al., 2010) can be expected across any growing season due to 
changes in environmental conditions and crop growth responses that may affect microbial 
activity, and therefore C and N mineralization rates. In preliminary reports of ISNT application 
in turfgrass ecosystems, the mean weekly fluctuation of amino-sugar N concentrations were 
reported be only 8 to 9% across two years (Gardner et al., 2009). This suggests that a single 
spring soil measurement of ISNT-N may be a reasonably reliable predictor of turfgrass response 
throughout the growing season, provided that conditions are optimal for mineralization. If 
conditions are less than optimal for mineralization, turfgrass response may not follow our 
estimations if spring ISNT-N and/or soil POXC concentrations indicate a low probability of 
response to N fertilization because they may be overridden by a lack of mineralization. For most 
accurate ISNT results, soil samples should be collected prior to fertilization. Since the ISNT test 
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measures ammonium liberated from the organic matter, any carryover of ammoniacal N from a 
recent fertilizer application may skew the results.  
A single spring soil measurement would have the advantage of convenience for those turfgrass 
managers and landscape contractors who manage many properties or a large amount of turfgrass 
area. This would fit into current turfgrass soil sampling routines. A single soil sample could be 
used for the standard suite of extractable nutrients, pH, as well as the ISNT and POXC tests. 
Both the ISNT and POXC are amenable for routine analysis at soil testing laboratories. The 
USDA-NRCS Soil Survey Laboratory has also developed a portable field kit (“Active Carbon 
Field Kit”) that can provide an estimate for POXC without the need to send samples to a 
commercial or governmental soil-testing laboratory. The complete instructions, materials list, 
and calculations for the field kit are given in Method 6.1.2.1 of Soil Survey Staff (2009, p. 262–
266). Comparison of paired-samples showed that the field kit values correlated well with 
controlled laboratory values, with 78% of all results within ±25% of paired target results (Stiles 
et al., 2011), with some variation attributable to reaction time with the KMnO4 solution and 
seasonal fluctuations in soil microbial activity. This study suggested that the field kit may 
provide a reliable means of assessing POXC under field conditions. Procedures for this field kit 
would need to be developed for turfgrass systems, but we see no reason why it could not become 
a useful tool for turfgrass managers and landscape contractors for on-site evaluations.  
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3.5 SUMMARY and CONCLUSIONS 
The color and growth responses of Kentucky bluegrass and tall fescue lawns were estimated with 
reasonable confidence from a single spring soil sample measured for concentrations of ISNT-N 
(Khan et al., 2001) and POXC (0.02M KMnO4; Weil et al., 2003). Results from these soil tests 
were used to delineate Kentucky bluegrass and tall fescue lawns into low, moderate, and high 
likelihood categories of response to N fertilization. Although we measured ISNT-N and POXC 
on turfgrass receiving only an organic fertilizer as the N source, both tests should work on 
turfgrass receiving synthetic N sources, too, provided that no large carryover of ammonium 
fertilizer persists into the spring (for the ISNT).  
Using spring ISNT-N and/or soil POXC concentrations as a guide, lawns with a low probability 
of response to N fertilizers due to high inherent concentrations of ISNT-N (250 mg kg
-1
) and/or 
POXC (>1300 mg kg
-1
) would not need the typical load of N (49 kg N ha
-1
 applied two to four 
times a year), and only a fraction of that amount, if any. Those lawns that indicate a moderate 
response to N fertilization (200 to 250 mg ISNT-N kg
-1
 and/or 1100 to 1300 mg POXC kg
-1
) 
would probably only need half or less the typical seasonal N loading amount for that site. Lawns 
with ISNT-N concentrations <200 mg kg
-1
 and/or POXC <1100 mg kg
-1
 would probably need 
the full N rate used for that site. However, this is conjecture on our part, and would need to be 
validated with further testing and calibration studies. Guiding N fertilization based on ISNT-N 
and/or soil POXC concentrations should help to decrease excess N loading rates, resulting in 
reduced maintenance costs and lower chances of water quality impairment. Adoption and 
implementation of these tests to turfgrass systems should also result in better objective guidance 
for N fertilization than the current practices of historical, subjective practices of N management.  
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Table 3-1. Monthly and  active sampling period (May through October) temperature and precipitation across the 5-yr study (2008-2012) with 30-yr norms (1981-2010) at 
Storrs, CT.  
 Temperature maximum, °C  Temperature minimum, °C  Precipitation, mm 
Month 2008 2009 2010 2011 2012 Norm   2008 2009 2010 2011 2012 Norm   2008 2009 2010 2011 2012 Norm 
Jan. 2.5 -3.0 0.8 -1.0 3.6 0.6  -5.8 -10.9 -7.1 -9.0 -5.9 -7.5  58 73 85.1 79.7 66.5 96 
Feb.  2.9 2.7 1.1 1.8 5.2 2.7  -5.7 -6.8 -5.6 -8.2 -3.6 -5.8  226 32 90.4 78.1 11.7 85 
Mar. 6.4 6.3 10.1 6.6 12.0 6.8  -3.0 -3.2 1.3 -2.7 1.8 -2.2  126 82 244.5 98.2 28.9 113 
Apr. 15.2 14.3 16.2 13.5 14.7 13.4  3.8 4.1 5.5 4.1 4.3 3.4  102 119 41.2 135.5 82.9 115 
May 17.3 18.9 21.1 19.2 20.6 19.3  7.5 8.9 9.5 10.2 11.3 8.3  64 92 78.2 159.1 88.1 101 
Jun. 23.9 21.1 24.8 23.6 23.2 23.8  14.9 12.8 14.9 13.6 13.2 13.7  108 145 110.8 172.7 131.3 113 
Jul. 26.4 24.1 27.9 27.5 27.2 26.2  18.0 15.6 18.9 17.6 17.6 16.6  115 195 80.5 72.2 106.8 100 
Aug. 24.7 26.0 25.3 25.2 25.9 25.6  14.6 16.9 16.2 16.6 16.7 15.7  82 101 90.2 349.4 131.3 97 
Sep. 21.7 20.9 23.4 22.5 21.3 21.7  12.4 10.8 13.1 14.0 11.6 11.7  233 43 50.0 149.5 208.2 104 
Oct. 15.6 13.2 16.1 15.2 16.3 15.6  4.9 4.6 6.9 7.4 7.3 5.7  74 145 115.5 105.1 94.2 117 
Nov. 8.7 11.4 9.5 12.1 7.6 9.8  0.6 3.7 1.0 3.1 0.2 1.5  91 76 95.2 101.4 30.0 116 
Dec. 3.8 2.6 1.0 6.4 5.1 3.3  -5.2 -5.5 -6.0 -1.8 -1.4 -4.2  198 121 113.2 100.3 97.3 107 
Sum               1476 1222 1195 1601 1077 1264 
                     
May-Oct. 
mean or 
sum 21.6 20.7 23.1 22.2 22.4 22.0  12.1 11.6 13.3 13.2 13.0 11.9  677 719 525 1008 760 632 
Deviation 
(% ) from 
May-Oct. 
normal -1.9 -6.0 4.9 0.8 1.8     1.0 -2.8 11.0 10.9 8.5     7.1 13.9 -16.9 59.6 20.3   
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Table 3-2. Correlation coefficients (r) between spring Illinois Soil N Test-N and soil permanganate-oxidizable 
carbon concentrations for Kentucky bluegrass (KBG) and tall fescue (TF) lawns across the 5-yr study (2008-
2012), and common weighted r-values when p-value of homogeneity tests of correlation coefficients >0.05. 
        Homogeneity test of r-values 
  KBG  TF    95% 
Year n r p-value   r p-value  p-value Weighted r LCL
‡
 UCL 
2008 69 0.436 0.0002  0.124 0.3112  0.0485 na
†
 na na 
2009 69 0.597 <.0001  0.601  <0.0001  0.9710 0.599 0.428 0.769 
2010 69 0.661  <.0001  0.782  <0.0001  0.1419 0.727 0.556 0.898 
2011 69 0.786  <.0001  0.771  <0.0001  0.8255 0.779 0.608 0.950 
2012 69 0.800  <.0001  0.810  <0.0001  0.8803 0.805 0.635 0.976 
All 345 0.703  <.0001   0.671  <0.0001   0.4258 0.687 0.612 0.762 
†
na, not applicable          
‡
LCL = lower 95% confidence limit; UCL = upper 95% confidence limit
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Table 3-3. Analysis of variance source effects for the spring Illinois Soil N 
Test-N (ISNT-N) and permanganate-oxidizable carbon (POXC). 
  ISNT-N  POXC 
Effect df F-value p-value   F-value p-value 
Species 1 20.77 0.0104  137.92 0.0003 
Organic Fertilizer Rate 22 21.17 <0.0001  13.42 <0.0001 
Year 4 568.78 <0.0001  1024.03 <0.0001 
Species × Rate 22 0.78 0.7398  1.16 0.3085 
Species × Year 4 10.46 <0.0001  63.32 <0.0001 
Rate × Year 88 1.68 0.0005  2.93 <0.0001 
Species × Rate × Year 88 1.48 0.0068   1.67 0.0006 
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Table 3-4. Correlation coefficients (r) of NDVI with sum of monthly clippings dry matter yield (DMY), yield-weighted total N concentrations in the clippings (TN), and sum 
of clippings N uptake (NUP) for Kentucky bluegrass (KBG) and tall fescue (TF) lawns across the 5-yr study (2008-2012), with common weighted r-values when p-value of 
homogeneity tests of correlation coefficients >0.05. 
          Homogeneity test of species correlation coefficients 
  KBG  TF  sum DMY  Yield-weighted TN  sum NUP 
Year n 
sum 
DMY 
Yield-
weighted 
TN 
sum 
NUP   
sum 
DMY 
Yield-
weighted 
TN 
sum 
NUP   p-value 
Weighted 
r   p-value 
Weighted 
r   p-value 
Weighted 
r 
2008 69 0.826 0.746 0.838  0.525 0.859 0.789  0.0006 na
†
  0.0600 0.810  0.3982 0.815 
 p-value <0.0001 <0.0001 <0.0001  <0.0001 <0.0001 <0.0001          
                  
2009 69 0.893 0.825 0.880  0.534 0.922 0.869  <0.0001 na  0.0139 na  0.7944 0.875 
 p-value <0.0001 <0.0001 <0.0001  <0.0001 <0.0001 <0.0001          
                  
2010 69 0.910 0.936 0.936  0.866 0.943 0.911  0.2230 0.890  0.7330 0.940  0.3357 0.925 
 p-value <0.0001 <0.0001 <0.0001  <0.0001 <0.0001 <0.0001          
                  
2011 69 0.909 0.925 0.930  0.875 0.945 0.922  0.3409 0.893  0.3613 0.936  0.7665 0.926 
 p-value <0.0001 <0.0001 <0.0001  <0.0001 <0.0001 <0.0001          
                  
2012 69 0.854 0.834 0.899  0.873 0.918 0.914  0.6659 0.864  0.0307 na  0.6292 0.907 
 p-value <0.0001 <0.0001 <0.0001  <0.0001 <0.0001 <0.0001          
                  
All 345 0.760 0.653 0.720  0.416 0.498 0.484  <0.0001 na  0.0021 na  <0.0001 na 
  p-value <0.0001 <0.0001 <0.0001   <0.0001 <0.0001 <0.0001                   
†
na, not applicable                
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Table 3-5. Analysis of variance source effects of 
urea treatments on Kentucky bluegrass and tall 
fescue NDVI response across species and years for 
the 5-yr study (2008-2011). 
Effect 
 
df 
F-
value p-value 
Year 3 246.20 <0.0001 
Species 1 0.39 0.5639 
N rate 4 82.88 <0.0001 
Year × Species 3 12.56 <0.0001 
Year × N rate 12 3.39 0.0008 
Species × N rate 4 0.81 0.5392 
Year × Species × N rate 12 0.88 0.5684 
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Table 3-6. Urea effects on Kentucky bluegrass and tall fescue NDVI response and predicted Illinois Soil N Test-N (ISNT-N) and 
soil permanganate-oxidizable carbon (POXC) concentrations that would be expected from the organic fertilizer plots using 
regression equations from Fig. 3-3. 
    Kentucky bluegrass  Tall fescue  Mean 
Year 
Urea N 
rate, 
kg ha
-1
 
 Urea 
mean 
NDVI  
Predicted 
ISNT-N, 
mg kg
-1
 
Predicted 
POXC, 
mg kg
-1
   
Predicted 
ISNT-N, 
mg kg
-1
 
Predicted 
POXC, 
mg kg
-1
   
Predicted 
ISNT-N, 
mg kg
-1
 
Predicted 
POXC,  
mg kg
-1
 
2008 0 0.639 c
†
 81 639  89 594  85 616 
2008 50 0.672 b 156 875  196 1045  176 960 
2008 100 0.676 b 165 904  209 1099  187 1001 
2008 150 0.692 a 201 1016  260 1315  231 1166 
2008 200 0.695 a 207 1035  269 1350  238 1192 
            
2009 0 0.655 c 94 792  119 1010  106 901 
2009 50 0.679 b 127 936  167 1120  147 1028 
2009 100 0.688 b 138 983  183 1157  160 1070 
2009 150 0.706 a 162 1089  218 1238  190 1163 
2009 200 0.707 a 164 1098  221 1244  192 1171 
            
2010 0 0.669 c 137 966  124 978  131 972 
2010 50 0.686 b 167 1043  156 1068  161 1055 
2010 100 0.687 b 169 1049  158 1075  164 1062 
2010 150 0.701 a 192 1108  183 1145  188 1127 
2010 200 0.702 a 195 1115  186 1153  190 1134 
            
2011 0 0.694 c 144 879  120 992  132 936 
2011 50 0.710 b 174 989  166 1068  170 1028 
2011 100 0.715 b 184 1026  182 1093  183 1060 
2011 150 0.731 a 213 1136  227 1168  220 1152 
2011 200 0.735 a 220 1162  238 1186  229 1174 
            
            
2008-2011 0 0.664 c 114 819  113 893  113 856 
 98 
2008-2011 50 0.687 b 156 961  171 1075  164 1018 
2008-2011 100 0.692 b 164 990  183 1106  173 1048 
2008-2011 150 0.707 a 192 1087  222 1217  207 1152 
2008-2011 200 0.710 a 197 1102   228 1233   212 1168 
†
NDVI means within a year followed by the same letters are not significantly different according to Fisher's least significant 
difference, p<0.05. 
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Table 3-7. Logistic regression coefficients for binary response of NDVI reading <0.700 or ≥0.700 for Kentucky bluegrass and tall fescue lawns in relation to 
Illinois Soil N Test-N (ISNT-N) and permanganate-oxidizable carbon (POXC) concentrations, and predicted ISNT-N and POXC concentrations with 95% 
lower (LCL) and upper (UCL) confidence limits across the 5-yr study (2008-2011). 
 Kentucky bluegrass  Tall fescue  Across both species 
Variable Intercept Slope 
Max. 
rescaled 
r
2 p-value  Intercept Slope 
Max. 
rescaled 
r
2 p-value  Intercept Slope 
Max. 
rescaled 
r
2 p-value 
ISNT-N 9.2246 -0.0513 0.4572 <0.0001  14.9338 -0.0762 0.6458 <0.0001  10.6188 -0.0566 0.5240 <0.0001 
               
 Prob. 
Predicted 
ISNT-N,         
mg kg
-1 
95% 
LCL 
95% 
UCL  Prob. 
Predicted 
ISNT-N,         
mg kg
-1 
95% 
LCL 
95% 
UCL  Prob. 
Predicted 
ISNT-N,         
mg kg
-1 
95% 
LCL 
95% 
UCL 
 0.90 137 81 224  0.90 167 106 261  0.90 149 105 207 
 0.75 158 99 251  0.75 182 118 278  0.75 168 122 230 
 0.50 180 116 278  0.50 196 129 296  0.50 188 139 253 
 0.25 201 133 304  0.25 210 141 314  0.25 207 156 275 
 0.10 223 151 331  0.10 225 153 332  0.10 226 173 298 
 0.05 237 163 350  0.05 235 161 344  0.05 240 184 313 
               
  Intercept Slope 
Max. 
rescaled 
r
2 p-value  Intercept Slope 
Max. 
rescaled 
r
2 p-value  Intercept Slope 
Max. 
rescaled 
r
2 p-value 
POXC 27.3243 -0.0257 0.6174 <0.0001  26.5218 -0.0232 0.6218 <0.0001  19.8683 -0.0182 0.5457 <0.0001 
               
 Prob. 
Predicted 
POXC,         
mg kg
-1 
95% 
LCL 
95% 
UCL  Prob. 
Predicted 
POXC,         
mg kg
-1 
95% 
LCL 
95% 
UCL  Prob. 
Predicted 
POXC,         
mg kg
-1 
95% 
LCL 
95% 
UCL 
 0.90 978 595 1593  0.90 1048 651 1679  0.90 971 696 1353 
 0.75 1020 629 1648  0.75 1096 690 1739  0.75 1031 748 1424 
 0.50 1063 663 1702  0.50 1143 728 1798  0.50 1092 800 1495 
 0.25 1106 697 1756  0.25 1191 766 1858  0.25 1152 852 1565 
 0.10 1149 731 1811  0.10 1238 804 1918  0.10 1212 904 1636 
  0.05 1178 755 1848   0.05 1270 830 1958   0.05 1253 940 1685 
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Fig. 3.1. Concentrations of spring Illinois Soil N Test-N (ISNT-N) and permanganate-oxidizable 
carbon (POXC) in Kentucky bluegrass (KBG) and tall fescue (TF) lawns averaged across 
organic fertilizer N rates for the five-year study (2008-2012). Significance of difference between 
species within each year: ns, non-significant (p>0.05), ** (p<0.01), and *** (p<0.001). 
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Fig. 3.2. Concentrations of spring Illinois Soil N Test-N (ISNT-N) and permanganate-oxidizable 
carbon (POXC) in Kentucky bluegrass (KBG) and tall fescue (TF) lawns across organic fertilizer 
N rates for the five-year study (2008-2012). Significance of the coefficient of determination (r
2
) 
for the linear response: ns, not significant (p>0.05), ** (p<0.01), and *** (p<0.001).  
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Fig. 3.3. Kentucky bluegrass (KBG) and tall fescue (TF) lawn NDVI readings as a function of 
spring Illinois Soil N Test-N (ISNT-N) and permanganate-oxidizable carbon (POXC) 
concentrations across five years (2008-2012) at Storrs, CT, USA. Significance of coefficient of 
determination (r
2
) for the linear response: * (p<0.05), and *** (p<0.001). 
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Fig. 3.4. Sum of Kentucky bluegrass (KBG) and tall fescue (TF) lawn monthly clippings dry 
yield as a function of spring Illinois Soil N Test-N (ISNT-N) and permanganate-oxidizable 
carbon (POXC) concentrations across five years (2008-2012) at Storrs, CT, USA. Significance 
of coefficient of determination (r
2
) for the linear response: ns, not significant (p>0.05), and *** 
(p<0.001). 
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Fig. 3.5. Yield-weighted total N concentration in the clippings from Kentucky bluegrass (KBG) 
and tall fescue (TF) lawns as a function of spring Illinois Soil N Test-N (ISNT-N) and 
permanganate-oxidizable carbon (POXC) concentrations across five years (2008-2012) at Storrs, 
CT, USA. Significance of coefficient of determination (r
2
) for the linear response: ns, not 
significant (p>0.05), and *** (p<0.001). 
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Fig. 3.6. Sum of Kentucky bluegrass (KBG) and tall fescue (TF) lawn monthly clippings N 
uptake as a function of spring Illinois Soil N Test-N (ISNT-N) and permanganate-oxidizable 
carbon (POXC) concentrations across five years (2008-2012) at Storrs, CT, USA. Significance 
of coefficient of determination (r
2
) for the linear response: ns, not significant (p>0.05), and *** 
(p<0.001). 
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Fig. 3.7. Probability of obtaining an NDVI reading of <0.700, or the probability of obtaining a 
turfgrass color (NDVI) response to additional N fertilization to reach an NDVI reading of ≥ 
0.700 (NDVI response of 150 to 200 kg N ha
-1
 as urea) for Kentucky bluegrass (KBG) and tall 
fescue (TF) lawns in relation to spring Illinois Soil N Test-N (ISNT-N) and permanganate-
oxidizable carbon (POXC) concentrations across five years (2008-2012). 
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IV. Defining Sufficiency Levels of Nitrogen in Cool-Season Turfgrass Lawns  
Using Macy’s Concept 
 
4.1 ABSTRACT 
Few calibration studies have been conducted to determine or validate sufficiency levels of N 
concentrations in the clippings of turfgrass that result in adequate to optimum color and growth 
responses. In a series of field experiments conducted across six consecutive growing seasons 
(2007–2012) in Connecticut, clipping samples of Kentucky bluegrass (Poa pratensis L.) and tall 
fescue (Festuca arundinacea Schreb.) lawns were used to estimate yields and then analyzed for 
N concentrations. Chlorophyll and NDVI meters were used to quantify turf color before 
sampling. Macy’s concept of three nutritional zones of plant tissue concentration was used to 
identify minimum and critical concentrations of N in the clippings that define sufficiency ranges 
for adequate to optimum turfgrass color and growth responses, in addition to luxury 
consumption. Averaged across all variables and seasons (spring, summer, and fall), the 
sufficiency ranges of N concentration in the clippings were estimated to be 32 to 46 g kg
-1
 for 
Kentucky bluegrass, and 28 to 42 g kg
-1
 for tall fescue. Differences in minimum and critical 
concentrations among seasons and between species were thought to be due to demand-driven 
nutrient uptake. Luxury consumption of N was observed in both species. When used in context 
with local conditions, tissue analysis for N concentrations in cool-season turfgrass clippings can 
provide an objective basis for guiding N fertilization.   
 
 
Abbreviations: CND, compositional nutrient diagnosis; DRIS, diagnosis and recommendation 
integrated system; KBG, Kentucky bluegrass; LRP, linear response plateau; NDVI, normalized 
difference vegetative index; NUE, nitrogen use efficiency; TF, tall fescue
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4.2 INTRODUCTION 
 
A considerable number of studies in the last 50 years have contributed to determining critical 
levels or ranges of tissue N concentrations that optimize plant growth responses (reviewed or 
discussed in Chapman, 1966; Reuter and Robinson, 1986; Munson and Nelson, 1990; Mills and 
Jones, 1996). For six different cool-season turfgrass species, managed under typical maintenance 
fertility programs of the time, tissue analysis showed N concentrations from 33 to 54 g kg
-1
 
(Butler and Hodges, 1967). Clippings N concentrations in healthy cool-season turf and pasture 
grasses were reported to be from 24 to 83 g kg
-1
 for creeping bentgrass (Agrostis stolonifera L.), 
34 to 47 g kg
-1
 for tall fescue (Festuca arundinacea Schreb.), 33 to 51 g kg
-1
 for perennial 
ryegrass (Lolium perenne L.), and 25 to 51 g kg
-1
 for Kentucky bluegrass (Poa pratensis L.) 
(Mills and Jones, 1996). While informative, these ranges do not differentiate among adequate, 
optimum, or excess concentrations of N in the grass plant tissues. Since these ranges were 
reported for ‘healthy’ grasses, N concentrations below these ranges can be presumed to be 
deficient. Uptake of N in turfgrass has been shown to follow the concept of demand-driven 
nutrient uptake, where differences in plant growth rates influence the uptake of N, and 
consequently the concentrations of N in the plant tissues (Kussow et al., 2012). 
Sufficiency levels of N concentrations in the clippings of turfgrass have been reported to range 
from 27 to 35 g kg
-1
 (Jones, 1980; and then reissued in Turner and Hummel, 1992). These values 
have become the standard reference for the critical range of N concentrations in turfgrass 
clippings. However, the basis of these ranges is vague, and indicated in Jones (1980) as being 
derived from “general observations”; no indication is given as to turf species, age of the stand, 
climate, or management practices from which the data were obtained. It was emphasized that 
these ranges were not equally applicable to all turf or every growing condition or situation. 
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Field calibration studies are few in number that model turfgrass responses such as growth or 
quality as a function of N concentrations in the clippings. The application of the Diagnosis and 
Recommendation Integrated System (DRIS) approach for tissue testing to guide fertilization of 
turfgrasses has been reported for warm-season species (Snyder et al., 1989). However, no recent 
studies using the DRIS approach have been published for either warm- or cool-season 
turfgrasses. In nutrient solution culture, the growth rate of turf-type perennial ryegrass was 
positive and linear in relation to reduced N concentration in the clippings (Bowman, 2003). A 
minimum concentration of N in the clippings, below which no net growth was predicted for this 
ryegrass species, was estimated to be 27 g kg
-1
. Across three different sites in New York, a 
highly significant curvilinear relationship was observed for turf clippings yields as a function of 
the N concentration in the clippings (Petrovic et al., 2005), but no minimum or critical 
concentration was reported. In a field experiment in Connecticut with a mixed species cool-
season lawn turf (Kentucky bluegrass, perennial ryegrass, and creeping red fescue [F. rubra L. 
subsp. rubra.]), linear-plateau models predicted critical leaf tissue N concentrations from 30 to 
34 g N kg
-1
 that maximized clippings yields and color (Mangiafico and Guillard, 2007), but no 
minimum concentrations were reported.  
The Compositional Nutrient Diagnosis (CND) approach indicated adequate to optimum density 
and color of Kentucky bluegrass grown for sod in Quebec when clippings N concentrations 
ranged from 30.4 to ≥ 34.7 g kg-1 (Badra et al., 2006). A proposed five-nutrient CND norm was 
thought to be effective in diagnosing N status in Kentucky bluegrass clippings across 
experimental, literature, and survey data sets when the geometric mean used to compute row-
centered log ratios was based on five nutrients (N, P, K, Ca, Mg). The selected CND norm, 
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classified as ‘VN5’, was 99% accurate in diagnosing N sufficiency, whereas the critical nutrient 
level approach was 72% accurate on the same data. 
Macy (1936) proposed a relatively simple approach to estimating plant nutrient deficiency, 
sufficiency, and luxury consumption. In this method, three nutritional zones are identified for 
plant response (barley [Hordeum vulgare L.] straw yield in the original example) in relation to 
the nutrient concentration in plant tissues: Minimum Percentage (hereafter called Minimum 
Concentration), Poverty Adjustment, and Luxury Consumption (Fig. 1). The minimum 
concentration is the concentration of the nutrient in question that is needed for plant growth, and 
concentrations below that are deemed deficient. Poverty adjustment is the zone of increasing 
nutrient concentration past the minimum concentration that results in a proportional increase in 
growth up to a breakpoint. Luxury consumption results when nutrient concentration continues to 
increase with no significant increase in growth. The breakpoint between poverty adjustment and 
luxury consumption is defined as the Critical Percentage (hereafter called Critical 
Concentration) (Fig. 1). 
There have been relatively few recent attempts to apply Macy’s concepts to determine sufficient 
nutrient levels for economically important crop plants. Macy’s approach was not successful in 
determining a critical grain or leaf N concentration for maximum maize (Zea mays L.) yields in 
Iowa, and could not separate zones of luxury consumption from zones of poverty adjustment 
(Cerrato and Blackmer, 1990; 1991) because of a lack of luxury consumption in the grain and 
leaves; maize usually luxury accumulates N in the lower stalk. Grain protein concentrations in 
winter and spring wheat (Triticum aestivum L.) grown in Saskatoon followed Macy’s zones of 
minimum concentration, poverty adjustment, and luxury consumption (Fowler, 2003). Luxury 
consumption and critical concentrations of N in straw and grain was observed in winter wheat 
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grown in the North China Plain, but a minimum concentration as determined by the Macy 
method was not detected (Cui et al., 2009).  
Calibration studies directly measuring turfgrass growth or quality in relation to clippings N 
concentrations are needed to identify minimum to optimum ranges that will guide N fertilization. 
Perennial grasses, including turfgrasses, are known to accumulate N in the leaves and in the 
verdure, so determination of minimum and critical concentrations of N in turfgrass using Macy’s 
concept should be possible. The objectives were to identify minimum and critical concentrations 
of N in the clippings of Kentucky bluegrass and tall fescue lawns so critical ranges could be 
estimated that relate to color and growth responses in these species. If successful, this simple 
method could improve N management of turfgrass by guiding N fertilization recommendations 
with objective plant tissue data. 
 
4.3 MATERIALS AND METHODS 
Field Management 
Two sets of field experiments were conducted at the University of Connecticut’s Plant Science 
Research and Education Facility, located in Storrs, CT (41° 47' N; 72° 13' W, and elevation 203 
m) on stands of ‘America’ Kentucky bluegrass and a turf-type tall fescue blend (‘Shortstop II’, 
‘Dynasty’, and ‘Crossfire II’) across six consecutive growing seasons from 2007 to 2012. The 
soil at the site is a Paxton fine sandy loam (coarse-loamy, mixed, active, mesic Oxyaquic 
Dystrudepts). Details of each experiment are given in Geng et al. (2014a, b). Briefly, the 
experiments were set out as randomized complete block designs with three replicates separately 
for each species. Plots were fertilized with varying rates of N as urea ([CO(NH2)2], 45-0-0, N-P-
K, all soluble N at rates from 0 to 600 kg N ha-1, The Andersons, Inc.) or with composted 
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organic fertilizer (Suståne 5-0.87-3.3, N-P-K; 0.5% ammoniacal N, 0.5% water-soluble organic 
N, 4% water-insoluble organic N; fine grade, all natural at rates from 0 to 400 kg available N ha
-
1
, Suståne Natural Fertilizer, Inc.), and mowed once or twice per week during the growing season 
to a height of 7.5 cm with clippings returned to the plots. Irrigation was applied only during 
establishment of the plots and to water-in the urea. Phosphorous as triple superphosphate 
(Ca[H2PO4]2) and potassium as muriate of potash (KCl) were applied on the urea-only plots 
based on soil test recommendations. Pest control was applied as needed.  
Measurements for color were taken with the Spectrum FieldScout CM 1000 Chlorophyll Meter 
and FieldScout TCM 500 NDVI Turf Color Meter (Spectrum Technologies, Inc.) at biweekly 
intervals beginning in May and continuing through the end of October or beginning of November 
in each year. Fifteen measurements per plot were taken with both meters between 1100 and 1400 
hr and averaged per plot. All measurements for the CM 1000 meter were taken with the meter 
facing away from the sun at a height of approximately 1.2 m from the turfgrass canopy surface. 
The TCM 500 meter was pressed directly onto the turfgrass canopy, since it has an internal light 
source. 
Clippings yield samples were taken biweekly in one set of experiments (Geng et al., 2014a), and 
once a month in the other set of experiments (Geng et al., 2014b) from May through October or 
early November each year. Clippings samples were collected from a random 0.1-m
2
 area in each 
plot with hand shears during the same day after reflectance meter measurements or one day later. 
The samples were dried at 65°C for at least 48 h, weighed, ground to pass a 0.5mm sieve, and 
analyzed for concentrations of total N (combustion method as described in Bremner, 1996), 
using an Elementar CHNOS Combustion Analyzer (Elementar Americas, Inc.) for 2007–2010 
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samples, and a LECO TruMac CN Macro Determinator (LECO Corp.) for 2011 and 2012 
samples.  
  
Statistical Analyses and Macy Plots 
Decrement Values for Macy Plots 
To obtain the Macy-plot decrement values for each response variable, the individual replicate 
measurements for CM 1000 chlorophyll meter readings, NDVI meter readings, and clippings 
yield were plotted against their respective clippings N concentration of the corresponding 
sampling date. A linear-response plateau (LRP) model [y = a + bx, x ≤ (CL), and y = a + b(CL), x 
> (CL), in which CL is the critical level value on the x axis where the segments join between the 
linear response and the plateau, was applied to the data of each sampling date. The NLIN 
procedure in the Statistical Analysis Software (SAS) package version 9.3 was used to model the 
relationship (SAS Institute Inc., 2011). The value for b(CL) from this model indicates the plateau 
value for the response variable. Meter readings and clippings yields were then converted to 
decrement values for each sampling date by subtracting each individual plot response value from 
the plateau value for that respective date. When a plateau value was not present (plateau model 
not applicable), each individual plot response value was subtracted from the mean of the six 
highest values for that date. When LRP models were not applicable, a simple linear regression 
model was applied to the data using the REG procedure of SAS version 9.3. Data were separated 
into spring (May–June), summer (July–Aug.), fall (Sept.–Nov.), and combined across all 
seasons. Spring data from 2012 were not included in the LRP analyses for all measurements of 
Kentucky bluegrass and CM 1000 meter readings for tall fescue because of drought conditions 
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that negatively affected turfgrass growth and color irrespective of clippings total N 
concentrations. 
 
Macy’s Plots 
To obtain the critical concentration for the Macy plots (the breakpoint between poverty 
adjustment and luxury consumption), the decrement values for CM 1000 chlorophyll meter 
readings, NDVI meter readings, and clippings yield were plotted against clippings N 
concentrations. The LRP model was applied to these plots. The value of CL, i.e., the critical 
level, from these models indicated the critical concentration to be used in the Macy plot.  
The axes were then reversed such that the concentrations of N were then plotted against each of 
the CM 1000 chlorophyll meter readings, NDVI meter readings, and clippings yield decrement 
values, and the LRP model was applied to these plots. The value of b(CL), i.e., the plateau,  from 
these models indicated the minimum concentration to be used in the Macy plot. 
Macy plots were then constructed by using the critical concentration and the minimum 
concentration points. The luxury consumption response was drawn as a straight vertical line from 
the critical concentration breakpoint to a height of the greatest response value. The poverty 
adjustment response was drawn as a straight line starting from the critical concentration and 
luxury consumption breakpoint, and extending to the beginning of the minimum concentration 
value.  
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4.4 RESULTS  
Sufficiency Concentrations for TCM 500 Normalized Difference Vegetation Index Meter 
Readings 
Significant (p < 0.0001) LRP models indicated minimum and critical concentrations that 
delineated sufficiency levels of clippings N that resulted in adequate or optimized NDVI 
response (Table 1; Figs. 2, 3). When data were combined across all seasons, sufficiency levels of 
NDVI ranged from 31 to 43 g N kg
-1
 for Kentucky bluegrass, and from 25 to 40 g N kg
-1
 for tall 
fescue. For Kentucky bluegrass, the spring (May–June) plots showed much greater variability 
than summer (July–Aug.) or fall (Sept.–Nov.) plots. Much of the spring variation was due to a 
particularly dry period of weather in 2012. Monthly precipitation in Feb.–May, 2012 was 86, 74, 
28, and 13% below normal, respectively, resulting in a cumulative precipitation deficit of 49% 
below normal for Feb. through May. The dry spring in 2012 had noticeable effects on turfgrass 
growth, which reduced the number of clippings collected in that year. This evidently also 
influenced turf color as well, particularly for Kentucky bluegrass, which can be seen in Figs. 2, 
4, and 6 as the separate groupings of points on the plots. The sufficiency range for NDVI in the 
spring plots for Kentucky bluegrass was 30 to 43 g N kg
-1
, and 22 to 40 g N kg
-1
 for tall fescue. 
Spring NDVI plots of tall fescue were less variable than Kentucky bluegrass plots, suggesting 
that tall fescue color was affected less by the dry conditions in spring 2012. 
Sufficiency ranges of clippings N concentrations for NDVI in the summer were 28 to 41 g N kg
-1
 
and 24 to 37 g N kg
-1 
for Kentucky bluegrass and tall fescue, respectively, and 32 to 43 g N kg
-1 
and 29 to 40 g N kg
-1
, respectively, for the fall. In every season, and including the combined 
seasons, the minimum and critical N concentrations for NDVI were significantly greater (based 
on non-overlapping 95% confidence intervals) for Kentucky bluegrass than tall fescue (Table 1). 
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Sufficiency Concentrations for CM 1000 Chlorophyll Meter Readings  
Minimum and critical concentrations for Kentucky bluegrass plots were fitted to the LRP model 
(p < 0.0001), as were all plots and seasons for tall fescue (p < 0.0001) (Table 1; Figs. 4, 5). 
Although all models were highly significant, more variability was observed for the CM 1000 
readings compared with the NDVI readings, and all model coefficients of determination were 
generally lower for CM 1000 compared with their respective NDVI readings (Table 1). 
Variability for CM 1000 was greatest in the spring compared with the other seasons in both 
species. The effects of the dry spring in 2012 were much more pronounced for CM 1000 
readings than for NDVI measurements.  
When data were combined across all seasons, sufficiency levels of N in the clippings for CM 
1000 ranged from 33 to 49 g N kg
-1
 for Kentucky bluegrass, and from 28 to 43 g N kg
-1
 for tall 
fescue. The sufficiency range of N in the clippings for CM 1000 in the spring plots for Kentucky 
bluegrass was 32 to 44 g N kg
-1
, and 27 to 42 g N kg
-1
 for tall fescue. Sufficiency ranges of 
clippings N concentrations for CM 1000 in the summer were 33 to 50 g N kg
-1
 and 28 to 43 g N 
kg
-1
, respectively, for Kentucky bluegrass and tall fescue, and 34 to 51 g N kg
-1
 and 30 to 46 g N 
kg
-1
, respectively, for the fall. As was observed for NDVI, the minimum and critical N 
concentrations were significantly greater for Kentucky bluegrass than tall fescue in every season 
and across the combined seasons, except in the spring for critical concentrations. The minimum 
and critical concentrations for CM 1000 were higher than those required for minimum and 
optimum NDVI in both species in each respective season, and across all seasons combined. This 
suggests that the meters may be measuring different components of the cool-season turfgrass 
canopy. Greater variability in the CM 1000 readings compared to NDVI measurements may also 
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indicate that CM 1000 is affected more by factors other than N concentrations that contribute to 
color response in cool-season turfgrass.
 
  
Sufficiency Concentrations for Adequate Growth as Measured by Clippings Yield 
Although significant (p < 0.0001) LRP or linear models were fit to the clippings yield data, these 
models had low coefficients of determination (Table 1), and the poorest fit of the modeled 
variables. Similar to NDVI and CM 1000, the spring data were the most variable for both 
species. Better fits for the models for clippings yields were observed in the summer and fall than 
in the spring, but when all seasons were combined, the influence of the spring data resulted in 
poorer predictive power. For tall fescue, a complete Macy plot could not be constructed for 
summer data (Fig. 7), because of an undefined minimum concentration.  
The sufficiency range of N in the clippings for adequate to optimum growth in the spring for 
Kentucky bluegrass was 36 to 41 g N kg
-1
, and the sufficiency range was 32 to 39 g N kg
-1
 for 
tall fescue. The sufficiency range of clippings N concentrations in the summer for adequate to 
optimum growth for Kentucky bluegrass was 32 to 45 g N kg
-1
. For tall fescue, summer growth 
was optimized with clippings N concentrations up to 41 g N kg
-1 
(no minimum defined). In the 
fall, sufficiency N concentrations in the clippings were 34 to 50 g N kg
-1
 and 31 to 46 g N kg
-1
, 
respectively, for Kentucky bluegrass and tall fescue. When data were combined across all 
seasons, sufficiency levels of clippings N concentrations that resulted in adequate to optimum 
growth ranged from 34 to 45 g N kg
-1
 for Kentucky bluegrass, and 30 to 43 g N kg
-1
 for tall 
fescue. The minimum and critical concentrations for adequate and optimum growth in both 
species were similar to the concentrations needed for CM 1000 readings, but generally higher 
than the concentrations needed for NDVI. The minimum N concentrations for growth responses 
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were significantly greater for Kentucky bluegrass than tall fescue in the spring, fall, and when all 
seasons were combined; there were no significant differences in critical N concentrations.  
 
4.5 DISCUSSION   
Defining Cool-Season Turfgrass Sufficiency Levels for Nitrogen Concentrations  
Although guidelines of sufficient tissue N concentrations for turfgrass responses have been 
previously reported in the literature (Jones, 1980; and repeated in Turner and Hummel, 1992), 
there has been a lack of calibration studies to validate these ranges of 27 to 35 g N kg
-1
. This 
makes it difficult to make conclusive comparisons among studies that used different species and 
growing conditions. Our estimated sufficiency levels are within the few reported ranges for both 
the minimum and critical N concentrations (Bowman, 2003; Badra et al, 2006; Mangiafico and 
Guillard, 2007), but showed slight seasonal differences, as well as differences between the two 
cool-season turfgrass species.  
Averaged across all variables and seasons (spring, summer, and fall), we found that the 
sufficiency range of N concentrations in the clippings of Kentucky bluegrass was 32 to 46 g kg
-1
, 
and 28 to 42 g kg
-1
 for tall fescue. These values are within the range or slightly greater than those 
few minimum and critical concentrations reported above, and may reflect the inherent variability 
with experiments conducted over many years, differences in species, differences in physiological 
age of the turfgrass when sampled, and the changing demands for N under varying conditions. 
Demands for N will be different for the maintenance of existing tissue when leaf expansion 
diminishes or ceases (e.g., when the ligule emerges on a fully expanded leaf, or when heat, 
drought, or cold stresses limit growth), from that when there is active growth such as 
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immediately following mowing, recovery after stresses, resumption of growth after winter 
dormancy, and any recuperative needs after insect or disease defoliation, or traffic damage. 
The differences in the sufficiency ranges of N that we observed for Kentucky bluegrass and tall 
fescue lawns across different growing seasons is most likely due to demand-driven nutrient 
uptake, which has been validated for turfgrasses (Kussow et al., 2012). Under relatively constant 
growth, stable tissue N pools in cool-season turfgrass can be achieved with the daily addition of 
N (Bowman, 2003). However, this is not likely to occur in practice, and the episodic applications 
of relatively large amounts of N, or the intermittent, more frequent applications of smaller 
amounts of N will continue to be the standard approach for turfgrass fertilization. Consequently, 
tissue N concentrations will fluctuate in response to the amount, frequency, and timing of these 
applications. Because of this, a relatively broad working range of tissue N concentrations is 
needed to encompass the sufficiency levels across different conditions and physiological 
demands if plant tissue N analysis is used to guide N fertilization.  
However, effective use of a sufficiency range has to be made in context with environmental 
conditions and growth demands of the plant, because site-specific conditions will affect plant N 
requirements. As observed for the dry spring conditions in 2012, turfgrass color and growth 
responses will be affected by factors other than tissue N concentrations. Therefore, tissue N 
concentrations alone, without being placed in context with growing conditions and other factors 
that affect turfgrass quality and growth, may have low reliability as a diagnostic tool to guide N 
fertilization. 
The broad ranges for sufficiency may increase the flexibility in the diagnosis of N status of 
Kentucky bluegrass and tall fescue lawns across a wide range of growing conditions and plant 
physiological demands for N. However, diagnostic precision may be reduced when relying on 
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these broad ranges (Sumner, 1979). Therefore, we suggest that the sufficiency levels we report 
can be used as initial benchmarks that can be refined for specific conditions and management in 
cool-temperate climates, with further testing and observations relative to those local conditions.  
Our estimated sufficiency levels would be applicable for mature Kentucky bluegrass and tall 
fescue lawns across a wide range of environmental and growing conditions in cool-temperate 
climates, but probably not for lawns that are in the establishment phase of growth, unless the 
higher end of the ranges were used as guidance for N fertilization. Difference in physiological 
growth stage will have an effect on N requirements in turfgrass plants. For example, with 
exponentially-fertilized tall fescue seedlings where N application was designed to match the 
growth stage of plants, a steady-state concentration of tissue N was reached at 44 to 46 g kg
-1
 
during the five-week exponential growth period following germination (Li et al., 2012). This is 
the period when demand for N is at its greatest, and these steady-state concentrations of 44 to 46 
g N kg
-1
 seemed to meet those demands. These concentrations are at the high end of our 
sufficiency estimates. This probably explains why cool-season turfgrass growth and quality 
during the establishment period benefits from higher N supply (Hickey and Hume, 2003; Pease 
et al., 2011). After the initial exponential growth period in turfgrass, the demand for N declines 
and less fertilizer N is required (Li et al., 2012), until the next demand period, which is 
frequently immediately after mowing if growth conditions are favorable.  
 
Luxury Consumption of Nitrogen in Kentucky Bluegrass and Tall Fescue Lawns 
Luxury consumption is defined as an increase in tissue concentration of a nutrient by absorption 
from the growing medium, when the increase does not correspond to a further increase in plant 
growth (Epstein, 1972). For turfgrasses, quality responses would be included in this definition, in 
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addition to growth responses. Not much has been reported in the literature about luxury 
consumption of N in turfgrasses. In Saskatchewan, retention of fall color in Kentucky bluegrass 
from mid-May fertilization suggested luxury consumption of N (Nelson, 1974, 1977, and 1984).  
A small extent of luxury consumption of N was suspected in previous work from our laboratory 
with a mixed cool-season turfgrass lawn (Mangiafico and Guillard 2007). A retrospective 
analysis of that data using Macy’s concepts indicated luxury consumption of N with respect to 
CM 1000, hue, and clippings yield measurements (Fig. 8). In our 6-yr study, the Macy plots 
indicated luxury consumption of N for NDVI, CM 1000, and clippings yield data. From a plant 
growth or quality standpoint, luxury consumption of N did not negatively affect the aesthetic 
value of the Kentucky bluegrass or tall fescue lawns. However, fertilizing with N past the critical 
N concentration and into the luxury consumption region does not result in any additional benefits 
to the turfgrass plants, and results in a waste of fertilizer and increasing risks to water quality 
from N lost from the system (Barry et al., 2009). Analysis of the clippings for N concentrations 
could be used to monitor the N status of turfgrass in an effort to maintain these concentrations 
below the critical concentration in the Macy poverty adjustment zone by adjusting the fertility 
management program for the lawn. 
For most lawn situations, adequate aesthetics and functional performance can be obtained at less 
than the maximum or optimal response levels. By maintaining clippings N concentrations at the 
lower end of the sufficiency range, environmental risks of N loss will be reduced, and turf 
quality should not be compromised. We think that the bottom one-third of our estimated 
sufficiency ranges are reasonable for this purpose with Kentucky bluegrass and tall fescue lawns 
located in cool-temperate climates, and would not conflict with the ranges reported by Jones 
(1980) and Turner and Hummel (1992). 
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Kentucky Bluegrass Versus Tall Fescue Nitrogen Requirements 
Our results indicated that a lower N concentration in the clippings was needed for tall fescue than 
for Kentucky bluegrass to support sufficient color and growth when managed as lawns. On 
average, tall fescue required approximately 90% of the N concentration needed by Kentucky 
bluegrass for adequate to optimum color and growth response. This supports the generally 
accepted observation that tall fescue requires less N than Kentucky bluegrass to produce 
acceptable turf quality (Teuton et al., 2007; Walker et al., 2007). The mechanisms behind this 
observation, however, have not been conclusively determined. The relative growth rate of 
Kentucky bluegrass has been reported to be significantly greater than tall fescue (Jiang et al., 
2002). According to demand-driven nutrient uptake theory, greater growth rates will result in 
more N uptake, and thus higher concentration of N in the plant tissues would be expected, 
assuming sufficient external N concentrations are available in the growing media.  
Concentrations of N in the clippings of Kentucky bluegrass are reported to be significantly 
greater than tall fescue (Liu et al., 1993; Liu and Hull, 2006; Walker et al., 2007), but no 
differences in average daily N recovery (Liu and Hull, 2006), or only small differences in N 
recovery (Frank et al., 2001), have been found between the two species. Nitrogen use efficiency 
(NUE), however, has been reported to be greater for Kentucky bluegrass than for tall fescue (Liu 
et al., 1993). In our studies across six years, the difference in NUE between these two species 
was not significant (data not shown), and we cannot conclude that NUE is responsible for species 
clippings N concentration differences. 
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4.6 SUMMARY AND CONCLUSIONS 
The application of Macy’s concept (Macy, 1936) to our data proved to be a simple and 
straightforward approach to define sufficiency levels for N in the clippings of Kentucky 
bluegrass and tall fescue lawns for adequate to optimum color and growth responses. Averaged 
across all variables and seasons, we found that the sufficiency range of N concentration in the 
clippings of Kentucky bluegrass was 32 to 46 g kg
-1
, and 28 to 42 g kg
-1
 for tall fescue. Kentucky 
bluegrass and tall fescue lawns will exhibit luxury consumption of N, and on average this will be 
observed when clippings N concentrations exceed 42 g kg
-1
 for tall fescue and 46 g kg
-1
 for 
Kentucky bluegrass. Small, seasonal differences were noted, and we concluded that these were 
due to varying demand-driven nutrient uptake requirements at different times of the year. We 
suspect that the N requirements of tall fescue are lower than Kentucky bluegrass also because of 
differences in demand-driven nutrient uptake requirements between the two species. Further 
research in this area would help to reveal the mechanisms for this difference, and to validate 
demand-driven nutrient uptake requirements differences. 
Guiding N fertilization of Kentucky bluegrass and tall fescue lawns by monitoring the N 
concentration in the clippings will be beneficial in situations where over-fertilization will lead to 
luxury consumption of N and the increased chances of N losses from the turf system, as well as a 
check against unneeded fertilizer expenses. Our reported sufficiency ranges are relatively wide 
since they were derived across many years and growing conditions. However, they could be used 
as initial benchmarks to further refine the sufficiency levels of N for site-specific conditions 
when Kentucky bluegrass or tall fescue lawns are located in cool-temperate climates. 
A regular sampling protocol of clippings and tissue analysis for N concentrations could provide a 
better understanding of the N status in turfgrass and a more reliable approach for guiding N 
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fertilization than current approaches, e.g., assumed N needs of turfgrass species, visual 
preference of turfgrass quality, and historical N rates.  Tissue analysis of clippings for N 
concentrations provides an objective approach that should offer environmental and economic 
benefits over that of the current subjective methods that guide turfgrass N fertilization.  
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Table 4.1. Number of observations (n), critical and minimum (Min.) concentrations (conc.), 95% lower 
(LCL) and upper (UCL) confidence limits, and coefficient of determination (R
2
) for Kentucky 
bluegrass (KBG) and tall fescue (TF) linear-response plateau (LRP) models for color (normalized 
difference vegetative index [NDVI] meter and CM 1000 chlorophyll meter readings) and clippings 
yield across spring, summer, fall, and all seasons combined. The critical concentrations are the critical 
levels returned by the critical concentration LRP models, and the minimum concentrations are the 
plateau values returned by the minimum concentration LRP models (Figs. 2–7). For all models, p < 
0.0001. Spring 2012 data excluded for all KBG measurements, and TF CM 1000. 
Spring n 
Critical 
conc. LCL UCL R2   
Min. 
conc. LCL UCL R2 
  --------------- g kg-1 -----------   --------------- g kg-1 -----------  
KBG TCM500 NDVI 684 42.9 41.7 44.1 0.5081  30.1 29.3 31.0 0.5978 
KBG CM1000 684 44.3 43.0 45.6 0.5271  31.7 30.9 32.4 0.5882 
KBG Clippings yield 684 40.9 37.3 44.5 0.0766  35.8 35.0 36.6 0.1357 
TF TCM500 NDVI 753 40.0 38.8 41.2 0.6015  22.5 21.2 23.8 0.5572 
TF CM1000 684 42.2 40.2 44.2 0.3909  27.4 25.8 28.9 0.3636 
TF Clippings yield 753 38.9 32.9 44.9 0.0515  32.3 31.3 33.3 0.0630 
           
Summer n 
Critical 
conc. LCL UCL R2   
Min. 
conc. LCL UCL R2 
  --------------- g kg-1 -----------   --------------- g kg-1 -----------  
KBG TCM500 NDVI 834 41.1 40.3 41.9 0.6168  27.9 26.8 29.0 0.5638 
KBG CM1000 834 49.5 47.0 51.9 0.3752  32.8 32.0 33.6 0.3893 
KBG Clippings yield 834 45.4 43.0 47.8 0.2529  31.9 30.5 33.3 0.2410 
TF TCM500 NDVI 834 36.7 36.0 37.4 0.6415  24.5 23.5 25.4 0.5642 
TF CM1000 834 42.7 41.1 44.3 0.4970  27.9 27.3 28.5 0.5338 
TF Clippings yield 834 40.7 38.4 43.1 0.2566  NA† NA NA NA 
           
Fall n 
Critical 
conc. LCL UCL R2  
Min. 
conc. LCL UCL R2 
  --------------- g kg-1 -----------   --------------- g kg-1 -----------  
KBG TCM500 NDVI 876 42.9 42.1 43.8 0.5914  32.1 31.5 32.6 0.6273 
KBG CM1000 876 51.3 48.2 54.4 0.3207  33.7 33.0 34.4 0.4028 
KBG Clippings yield 876 49.6 46.6 52.6 0.2731  33.8 32.9 34.6 0.2896 
TF TCM500 NDVI 807 40.0 39.0 40.9 0.5604  29.1 28.5 29.7 0.5457 
TF CM1000 807 45.7 43.5 48.0 0.4068  30.5 29.9 31.1 0.4559 
TF Clippings yield 807 46.5 42.4 50.6 0.1943  31.0 30.1 31.9 0.2113 
           
All seasons combined n 
Critical 
conc. LCL UCL R2   
Min. 
conc. LCL UCL R2 
  --------------- g kg-1 -----------   --------------- g kg-1 -----------  
KBG TCM500 NDVI 2394 42.8 42.2 43.4 0.5144  31.0 30.6 31.5 0.5516 
KBG CM1000 2394 48.7 47.4 50.0 0.3822  32.9 32.5 33.3 0.4376 
KBG Clippings yield 2394 45.3 43.5 47.1 0.1555  33.9 33.3 34.5 0.2139 
TF TCM500 NDVI 2394 39.5 38.9 40.1 0.5778  24.9 24.3 25.5 0.5398 
TF CM1000 2325 43.3 42.1 44.4 0.3861  28.5 28.2 29.3 0.3881 
TF Clippings yield 2394 43.0 40.5 45.4 0.1295   30.2 29.4 30.9 0.1285 
NA† = not applicable           
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Fig. 4.1. Conceptual framework developed by Macy (1936) to model the relationship between 
plant tissue nutrient concentration and plant response.  
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Fig. 4.2. Critical and minimum N concentrations as estimated with linear-response plateau (LRP) 
models, and resulting Macy plots for TCM 500 normalized difference vegetative index (NDVI) 
meter response of Kentucky bluegrass lawns across spring, summer, fall, and all seasons 
combined, 2007–2012. The vertical dotted line in the LRP plots indicates the CL (critical level) 
value from the model, which is the value on the x-axis corresponding to the point where the 
segments join. LRP model parameters are given in Table 1. Open circles represent spring 2012 
data that were not included in the LRP analyses. 
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Fig. 4.3. Critical and minimum N concentrations as estimated with linear-response plateau (LRP) 
models, and resulting Macy plots for TCM 500 normalized difference vegetative index (NDVI) 
meter response of tall fescue lawns across spring, summer, fall, and all seasons combined, 2007–
2012. The vertical dotted line in the LRP plots indicates the CL (critical level) value from the 
model, which is the value on the x-axis corresponding to the point where the segments join. LRP 
model parameters are given in Table 1. Open circles represent spring 2012 data, but were 
included in the LRP analyses. 
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Fig. 4.4. Critical and minimum N concentrations as estimated with linear-response plateau (LRP) 
models, and resulting Macy plots for CM 1000 chlorophyll meter response of Kentucky 
bluegrass lawns across spring, summer, fall, and all seasons combined, 2007–2012. The vertical 
dotted line in the LRP plots indicates the CL (critical level) value from the model, which is the 
value on the x-axis corresponding to the point where the segments join. LRP and linear 
regression model parameters are given in Table 1. Open circles represent spring 2012 data that 
were not included in the LRP analyses. 
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Fig. 4.5. Critical and minimum N concentrations as estimated with linear-response plateau (LRP) 
models, and resulting Macy plots for CM 1000 chlorophyll meter response of tall fescue lawns 
across spring, summer, fall, and all seasons combined, 2007–2012. The vertical dotted line in the 
LRP plots indicates the CL (critical level) value from the model, which is the value on the x-axis 
corresponding to the point where the segments join. LRP model parameters are given in Table 1. 
Open circles represent spring 2012 data that were not included in the LRP analyses. 
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Fig. 4.6. Critical and minimum N concentrations as estimated with linear-response plateau (LRP) 
models, and resulting Macy plots for clippings yield response of Kentucky bluegrass lawns 
across spring, summer, fall, and all seasons combined, 2007–2012. The vertical dotted line in the 
LRP plots indicates the CL (critical level) value from the model, which is the value on the x-axis 
corresponding to the point where the segments join. LRP and linear regression model parameters 
are given in Table 1. Open circles represent spring 2012 data that were not included in the LRP 
analyses. 
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Fig. 4.7. Critical and minimum N concentrations as estimated with linear-response plateau (LRP) 
models, and resulting Macy plots for clippings yield response of tall fescue lawns across spring, 
summer, fall, and all seasons combined, 2007–2012. The vertical dotted line in the LRP plots 
indicates the CL (critical level) value from the model, which is the value on the x-axis 
corresponding to the point where the segments join. LRP and linear regression model parameters 
are given in Table 1. Open circles represent spring 2012 data, but were included in the LRP 
analyses. 
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Fig. 4.8. Macy plots for CM 1000 chlorophyll meter, tristimulus chroma meter hue angle, and 
clippings yield response of mixed cool-season turfgrass lawns across 1999–2000. Retrospective 
analysis of the data presented in Mangiafico and Guillard (2007) 
 
